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The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior representatives
from each member nation. The mission of AGARD is carried out through the Panels which are composed of experts appointed
by the National Delegates. the Consultant and Exchange Programme and the Aerospace Applications Studies Programme. The
results of AGARD work are reported to the member nations and the NATO Authorities through the AGARD series of
publications of which this is one.

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.

The content of this publication has been reproduced
directly from material supplied by AGARD or the authors.

Published February 1993

Copyright © AGARD 1993
All Rights Reserved

[SBN 92-835-0700-2
Printed by Specialised Printing Services Limited
40 Chigwell Lane, Loughton, Essex 1(GG10 3TZ




Theme

The recent Desert Storm operations underscored the essential need for space systems to fight and win a theatre war. An
emerging concept for space systems currently receiving widespread attention for the 90s is characterized by the term “TacSats”
(also called Cheap Sats, Light Sats, Small Sats etc.). These satellite systems are characterized by relatively low costs and
lightweight satellites with performance capabilities focused at meeting theatre command requirements. This is in contrast with
complex. heavy satellites focused on meeting national requirements. The TacSats concept may be particularly appropniate for
the cvrrent environment of declining defence budgets and conventional force reductions. These systems offer capabilities which
can be purchased incrementalty in contrast to traditional space systems which require future expenditure. They can be launched
by smaller. less expensive launch vehicles, perhaps controlled by the local theatre commander.

TacSats may offer a flexible economical solution for NATO's surveillance, communications. and command and control needs in
the 90s. In an environment of reduced forces, it becomes more important to know precisely where potential enemy forces are
located. what is their strength, where they are going, etc. This is vital in order to operate effectively with smaller forces. Space
systems offer an effective and perhaps the only ieans of performing these functions. Affordable TacSats developed for NATO
may offer a way to counter a changing threat in an environment of reduced budgets and force structures.

The Symposium addressed the following topics:

TacSats Svstems
— NATO architecture and system engineenng
— Payload concepts and designs
- Spacecraft bus concept and designs
— Launch vehicles for the SATS
— Mission control and user equipmont

Space System Technologies of the Future
— EHF, SHF. UHF antennas, receivers
— Optics and electro optics components
— IR detectors. focal planes, coolers
— Materials and structures
— Communication and telemetrv
— Data processing, on-board processing
— Power systems, solar cells, batteries
— Built-in test and non destructive tezting
— Propulsion technologies.
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Théme

Les opérations récentes « Tempéte du Désert» ont souligné le besoin vital de se doter de systemes spatiaux suscepubles de mener
et de gagner une guerre de théatre. Un nouveau concept de systemes spatiaux pour les annees 1990. qui suscite beaucoup
d'intérét a 'heure actuelle, est caractérisé par le terme «TacSats» (appeié aussi CheapSats. LightSats. SmallSats etc.). Ces
systémes sont caractérisés par des couis relativement modiques et des satellites legers avec des performances ¢tudi€es pour
répondre aux besomns du commandement du théatre, par oppos’tion aux satellites lourds et compiexes desunés a satisfaire aux
besoins nationaux.

Le concept «TacSats» parait particulierement adapte€ au contexte actuel de compression des budgets de défense nationale et de
réduction des forces armées. Les capacités offertes par ces sysiemes peuvent étre acquises de fagon progressive. contrairement
aux systemes spatiaux classiques, qui sont toujours accompagneés de couts additionnels. En outre, ils peuvent étre mis sur orbite
par des véhicules de lancement plus petits et moins cotiteux, commandés éventueliement par le commandant du théatre local.

Les TacSats semblent offrir une solution économique et souple au probleme des besoins de FOTAN en maténel de surveillance.
de télécommunications et de commandement et controle pour les années 9. Dans une situation de forces rédutes.1i importe de
savoir ol les forces ennemies potentielles pourraient étre situees. quel est leur nombre. quelle estleur route ete. Ces informauons
sont indispensables a tout déploiement efficace d’'un nombre réduit de troupes. Les systemes spauaux offrent peut-étre la seule
possibilité d'exécuter ces fonctions d’'une maniere efficace. Dans ce cas. des TacSats développes pour FOTAN. & un prix
abordable. permettraient de contrer une menace qui évolue, dans un monde ou les budgets et les structures des forces sont en
diminution.

Le symposium a traité des sujets suivants:

Systemes «TacSats»
— Architecture et ingéniérie des systemes OTAN
— Concepts et études de la charge utile
‘— Concepts et études des bus pour véhicules spatiaux
— Lanceurs SATS

Technologies de demain pour systéemes spatiaux
— Antennes et récepteurs EHF. SHF et UHF
— Composants optiques et électro-optiques
— Détecteurs IR, plans focaux, refroidisseurs
— Structures et matériaux
— Télécommunications et télémétrie
— Traitement des données et ordinateurs embarqueés
— Réseaux d’alimentation, cellules solaires. batteries
— Dispositifs de test intégres et essais non destructifs.
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TECHNICAL EVALUATION REPORT

Charles E. Heimach
Consultant
30543 Rue de 1a Pierre
Rancho Palos Verdes, California, USA 90274

SUMMARY

The symposium was highly successful in that it
brought together a broad spectrum of the NATO space
technical community with quaiity papers on the
missions. applications, and technical aspects of
TACSATs. The main topics centered on surveillance
and communication systems, and the issue of
determining requirements. At the completion of the
symposium, it was cicar that state-of-the-art total
systems could be built that would be responsive to the
theater commander at a reasonable cost. While the
level of technical detail varied; that is, more emphasis
on the satellite options than the ground systems, there
was sufficient detail 1o make the case for the validity of
the TACSAT concept as discussed in the symposium
theme.

The output from this symposium will be the central
point of departure for the Working Group 16 ctforts on
TACSATs for NATO. In this regard, the sympastum
was an outstanding success.

TECHNICAL CONTENT

The symposium was opecned with an address by Robert
Dickman, Brigadier General, USAF, who is the Deputy
Chief of Staff for Plans at Air Force Space Command
in Colorado Springs, Colorado, USA. His perspective
was from the warfighter's point-of-view within which
he challenged the audience of mostly scientists and
engineers to focus on the nceds of the user;
emphasizing, that if TACSATs are to be a part of space
in the future, they must be measured in terms of th.ir
unique contributions t0 mission success.

To make his point, Gen. Dickman expressed the belief
that space will be a dominate facior in any future
conflict; and, as a result, will have to improve, not
decrease, in the future. He emphasized that while this
belief is widely accepted, in an age of decreasing
resources, requirements and affordability must come
together. Therefore, the developer must seck out the
view of the warfighter in an effort to identify critical
space deficiencies. In this regard, the developer wili be
dealing with a customer who is smarter, who will
demand more from space, and who will insist that the
space capabilitics be there during hostilitics,

To emphasize these points, Gen. Dickman gave a space
"report card” on Desert Storm.,

Communication - never enough, not mobile
enough, and the terminals were inadequate.

Weather - good information, but the data
disseminauon was poor,

Navigation - great, but not enough receivers.

Imagery - a controversial subject. While there was
not enough surveillance, it was actually viewed as
a failure because of dissemination problems.

As a result, the overall space rating can be viewed as
fotlows:

Capability - great
Payload tasking - moderate
Disscmination - terrible

He went on to emphasize that the reason for this “card”
rating goes back to what the warfighter wants. He
wants: continuous availability, flexibility ad
availability to the end usc.. Put another way, from a
combat perspective the warfighter will ask:

- CanIget whatl want when 1 want it?
- Can 1 distribute it to my forces?

In closing, Gen. Dickman challenged the symposium
to focus on the deficiencies.

1. Improve distribution
2. Improve data streams.

3. Develop new space systems; but, avoid
uniqueness, concentrate on intcroperability, and
ensure that we can exercise as we fight

The challenge for TACSAT will be:

- What are the needs?

- What are the options?

- What is possible now?

- What are the "measures of cfiectivencss?”

Session 1 - TACSAT Concept and Need

The intent here, was to "set the stage” - WHAT ARE
WE TALKING ABOUT?

In this session, as with almost the entirc symposium,
two mission areas received the most atiention -
surveillance (imagery) and communications. Of those
two mission areas, surveillance took the "lion's share”
of the group's attention, with most of the discussions
centered on resolution.
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From the four papers. there were several arcas of
consensus, two arcas of divergent opwnions, and onc
outstanding issue.

Consensus

- Total system designs must provide for flexibility,
responsiveness, on-demand support, and high
Tevisit times,

- That TACSATS can be used in tandem with core
systems by: raising mission arca responsivencss,
selecting orbits 10 match the threat, concentrating
on a specific geographic area, and filling in for a
failed primary system,

- They must gencrate a ficld uscable product
(surveitlance orientation).

- Any new design must be compatible with current
terminals and allow tor realistic traning.

- Affordability must be paramount through
commonalily, a common bus approach, using
items oft-the-shelf. and controiling requirements.

- While it was generally agreed that TACSATs {all
in the weight regime’ of 300-700 kg, the validity
of continued usc of this definivon bocame an area
of divergent opinion.

Divergent Opinions

Within this scssion, and as the symposium progressed,
there was continued discussion concerning (wo
opinions. While there was no conscnsus on these
opinions, it was agreed that Working Group 16 musi
ook at them further. They arc:

1. Large systems can be considered as TACSATs
if data disseminauon and payload tasking can
be more responsive to the warfighter.

2. TACSATs do not necessarily have to be
launch-on-demand systems; they can also be
stored on orbit in a dormant state ready for
rapid activation and repositioning.

Issue

There was one issue - how do we come to grips with a
formal statcment of the need. Imbedded in this issue is
whcther a statement of need is necessary for TACSAT
or if TACSAT is a technical option whose "time has
come” and it is now ready for consideration in relation
to a broader sphere of needs.

Session II - TACSATs - Aspects
This scssion covered @ broad range of TACSAT

concerns ranging over the arcas of data collection,
system control functions, viability of a multimission

bus, and a model for assessing various COMSAT
options,

While not giving spectiic answers to TACSAT
command and control, the scssion swuressed the
importance of this area and ho ¥ such answers might be
addressed in future analyses. In the "bus" arcu, the
point was madc that such bus’s have been flown in an
R&D modc and that reasonable bus’s could be provided
for TACSAT low carth orbit missions.

Session [ITIT .
Systems

TACSAT Applications -

A wide vancty of mssion arcas was discussed.
however, the greatest emphasis was in navigation,
communications and surveilance.  In general, the
technical emphasis was on technigues for moderate
capable systems with upper timits on spacecraft weight
and reduced complexity. Of particular note, was the
overwhelming attention to limiting the warfighter
support to specific geographic arcas rather than giobal
or continental support. These views can be seen in the
following disullation of the output trom four papers
presented in this session.

Navigation

A concept was discussed that used four to nine satellites
at geostationary orbit versus the medium carth orbit of
GPS. In keeping with system simplicity, lower cost
(through lighter weight), and limited geographic
coverage, the concept had the following features:

- Equivalent GPC capability

- Ground based atomic clock for lighter weight
and simpler spacecraft

- Coverage limited to Europe, the Mid-cast, and
Africa

- Threc sateliites launched simultaneously on
Ariane.

Communications

The discussion here ccentered mostly on comsat
applications as they relatc to Air Command & Control.
Of particular note was the point that TACSATS are
necded in all arcas and that their configurations should
include:

- Bi-directional

- Broadcasting

- Ground to ground
- Ground to air

However, commmunication type TACSATSs were seen as
a primary means for alleviating the problem of Air
Tasking Order dissemination.




While the discussions in this arca prescented new
thinking in how COMSATSs couid contribute to the air
campaign and, to some degree, ballistic missile defense;
more analysis is nceded 10 determine the value of
TACSATs as a specific class of satellite. This is
consistent with the issuc raised in Session [ conceming
the use of large saicllitcs as TACSATs.

Surveillance

This area reccived the most attention in this scssion,
appearing in three out of the four papers.

As with communications, surveillance satellites were
presenicd as key elements in developing the Air
Tasking Order and in supporting ballistic missile
defense.  The funcuon of surveillance satellites was
considered prime in detecung airbase activation, rid
detection, launcher detection, detection of missile
launch preparation, nd missile launch detection.
How ever, specific requirements that allow for the use of
TACTSAT class satellites have yet 1o be defined.

Some time was spent on the potenttal roles TACSATs
might play from a systems point-of-view. It was
cmphasized that surveillance TACSATS couid:

- Reduce sysiem complexity

- Enhance observation capabilitics (morc from
quantity than quality)

- Achieve high revisit of specified sites
- Provide a quick concentration of resources.

Here again are the points that TACSATSs play best in
activitics that arc geographically localized and that
require quick reaction to a situation.

At this point, came the first discussions of the
technical and operational viability of ccrtain levels of
resolution, orbitai altitudes, spacecraft weight, and
surveillance techniques.

- Resolutions scemed to fall in the 3-5 meter
regions, with some cxcursions 10 1.4 meters.

- The orbital altitudes ranged from 280 km to
600 km.

- The spacecraft weights were in the 600 to 750
kg range.

- Surveillance wechniques included electro-optical
and synthetic aperture radar (SAR).

At issuc in this area was the acceptable resolution. As
always, the user asks for the best; however, it was
generally agreed that best in surveillance means large,
expensive, and limited in quantity. This item remained
as a contentious issue throughout the symposium.

Session IV - Panel Discussion

The objective of this session was to cngage the
audience in addressing any issucs and concerns that may
have come up in the prior sessions. Four major issues
were discussed, although no resolutions were agreed
upon. The issues were:

{

How are requircments 1o be established?
- Should TACSAT be strictly theater oriented?

- Will TACSAT be complimentary to the major
space systems?

- What launch strategy is appropriate?

These issucs will pe a prime concern of Working
Group 16.

The value of this session was not in the discussions,
but in the bringing forth of these four key issues.

Session V - Communications Concepts

In this scssion the emphasis was on technology and
how it might lead to TACSAT type communicaticn
satellites. The main emphasis was on EHF; although
there was some discussion of SHF.

The flow of the session was part.cularly weil done with
Dr. Ince leading off with a discussion of Working
Group 13's efforts on NATO Satellite
Communications, which was started in 1986. In the
discussion, he reminded the audicnce that our past
emphasis was oriented to the strategic mission where
the systems had to be highly survivable, cunsure
conunuity of service, provide ECCM, and provide low
capacity communication for emergencies.

But times have changed. Dr. Ince emphasized that
satellites should be smaller and cheaper, with launch
flexibility by employing systems such as clustered
satellites. He also emphasized some movement from
SHF o EHF. Most importantly, Dr. Ince provided a
listing of NATO actions —

-~ Define NAT™ and National rcquirements
—  Develop and agree on an architecture

~  Define the technologies

~  Encourage companies 1o join togett -

The remaining papers discussed the technologies that
will make smallcr EHF satellites possible and some of
the problems that might be expected at these
frequencics. In general, the emphasis was to provide
tecchnologics that would allow more users to take
advantage of the AJ characteristics of EHF while
operating at medium data rates rather than low data
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rates. The technology emphasis was on variable
beamwidth antennae, frequency synthesizers, and
processors. In the case of the antenna technology, the
objectives were for easier operation in elliptical orbits
and for ease of switching geographic locations for
satellites in geostationary orbits.  For frequency
synthesizers and for processors, the emphasis was on
significant weight and power reductions that would
allow for payloads in the 100 kg and 290 w regime's
with terminal capacities of 27 LDR channels at 45
kbits and 17 MDR channels at 3 mbits.

Other discussions included MDR EHF synchronizauon
technigues for minimizing acquisition times and an
cxamination of interference from mountains and
foliage.

Essentially, this session verified that the technology 1s
available for TACSAT type communication satellites,
particularly at EHF. The question remained concerning
the adequacy of such systems for military needs.
Cenainly, the capacity of such systems can now be
defined with great confidence and no doubt the same can
be said for cost. The question is, is the terminal
capacity descnbed above cost effective under a range of
scenarios?

Session VI— Launch Systems

This session confirmed that a broad range of launch
options will be available after 1995 to support
TACSAT type payloads as identified in £:ssion L
These boosters, in increasing weight carrying
capability, are: Pcyasus, Taurus, Delta 11, MLV-3,
Atlas I and Ariane.

The question that remains 10 be addressed is what
deployment stratcgy will be used for TACSAT. If the
booster is the limiting factor, then strategies are limited
to the following:

Booster Store-on-Orbit  Rapid Launch
Pegasus (1) X X
Taurus (2) X X
Dchta 11 X

MLV-3 X

Atlas 1 X

:xainc X

(1) Max 500 kg LEO
(2) Max 1500 kg LEO
Max 500 kg GTO

Therefore, smaller TACSATs can have muluple
opuons where as the large TACSATs (parucularly o0
GEO and clliptical) must be stored on orbit or sewle for
20 to 60 days tum-around.

It was generally agreed that it would be prohibinvely
expensive to convert MLV-3, Delua 11, Atlas I, and
Arnane to tum-around umes that arc commensurate with
Pegasus and Taurus. On the other hand, the MLV-3,
Delia 11, Adas 1I, and Ananc will be cost compeuuve
for store-on-orbit because of their ability to launch
morc than one TACSAT; the issuc being, will the
military situation at a given instant allow for such an
approach? Working Group 16 will have to address this
1ssue.

Session VII -~ Spacecraft Bus

The quesuon of building a common bus with the
appropriate attitude control was addressed in this
sesswon. In general, the papers confirmed that low cost
common spacecraft buses can be built, although 11 was
also recognized that some penaltics would be realzed
from over opumized or sub opumized subsystems.

The one paper that specifically addressed the bus design
potntcd out that for spacccraft with single functon
oniented payloads. the entire sysiem (ground system,
payicad, spacecraft) could be developed in 12-15
months for $15-20M. Where as morce complicated
systems could cost S50M. This later casc was the US
Navy GEOSAT Follow-on. It was cmphasized dunng
the question and answer period, that in the case of the
12-15 month example, therc was no redundancy and the
design life was one year.

The above discussion does not completely make the
case for a common TACSAT bus. However, the point
is made that not every space project must be expensive,

The Working Group 16 may have to further address the
common TACSAT bus approach.

The third paper in this session loo"~d at electric
propulsion uses for TACSATS in the weight ranges of
300 to 800 kg. The two uses of electric propulsion
were for orbit keeping tasks and for orbit rassing (from
400 km 10 1400 km). It was concluded that

- lon propulsion was the preferred technology for
orbit keeping.

»  Significant mass savings

» However, long lifetime ion thousters have yet
to be de~onstrated on orbit




- Low power arcjets are the best candidates for orbit
transfer and raising.

In general, more work is needed for electric propulsion;
however, it should be supponed and examined for
introduction into any TACSAT program.

Session VIII — Advanced Technology

This session was divided into two discussions - the
DARPA (USA) space technology efforts and CAMEO.

The DARPA technology discussion told of significant
strides being made to reduce the cost of doing Lusiness
in space. It is more appropriate for the reader to
examine the paper than to present a detailed summary
here. However, a brief summary is appropriate.

This program includes:

- Pegasus

- Taurus

-  DARPASAT

- Optical technology for light weight systems
—  Submarine laser communications technology
- EHF technology

-~ Satellite subsystems

- Common buses

An example of the progress being made can be seen in
the EHF technology work. This technology is on its
way to lowering spacecraft weight and power by >50%.

The overall program will use smaller satellites to
quickly validate technologies so large satellites can be
procured using more advanced technology.

A description of CAMEO was presented. Its objectives
are:

—  Multi-spectral small satellite

- DODfcivil environmental and weather
- Direct downlinking of data

—  Use of a common bus

During the question and answer period, the status of
CAMEO was requested. The answer was that funding
was deferred by Congress even though it had the full
support of DOD.

Session IX — Radar Concepts

As with the following session, this session addressed a
specific technique for battlefield surveillance - using
radar in the synthetic operzture mode. The papers were
in-keeping with the general approach of TACSAT, that
of supporting theater operations. This point was
shown as pivotal in allowing a reasonable weight
spacecraft so that it fit the smaller class satellite
category. In general, the spacecraft weighls fell in the
SO0 to 800 kg regimes. In the past, most radar
spacecraft weights were in the 5000 kg class; so why
the difference? Basically, the difference was in the size
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of the region of concern (2000 x 2000 km), which in
tum reduced the duty cycle (5-30%) which reduced the
weight and, 0 some extent, reduced the size of the
antenna. Other spacecraft parameters fell into the
following areas:

X-band or C-band

300 to 500 km altitude

200 to 400 mbit data rate

6 1o 8 satellite constetlation
Phased array anienna

4 x 2 meter antenna

2-S meter resolution

30 images per pass

There was a unanimous call for 8 demonstration flight.
The overall feeling was that a SAR spacecraft, built to
the above specifications, is state-of-the-art.

Additional papers were presented that discussed
lightweight, store and forward microwave applications,
a maritime application of a SLAR and an altimeter to
determine wave heights.

Session X — Electro-Optic Concepts

This discussion followed the pattern secn in the SAR
session. In general it was believed that state-of-the-art
E-O TACSATs could be built according to the
following:

1-5M resolutions

250-450 km altitude

350 to 650 kg spacecraft weight

200 0 300 mbs data rate

Three additional points were made: (1) the grond
station could be air transportable; (2) a convincing
demonstration could be conducted for $50-100M; and
(3) a $50M price per satellite is achievable.

As with the radar SAR, the group felt a demonstration
was absolutely necessary to get something into the
hands of the user.

Session XI — Panel Discussion

This session reviewed the outputs from cach session
followed by questions and answers with the audience.
The discussions centered on three themes — can we
achieve the TACSAT objectives, how much resolution
can we expect from surveillance systems, and how do
we identify requirements.

RECOMMENDATION:

From the content of the papers, it appears that
TACSAT type spacecraft for surveillance and
communications could be of great value to NATO.
While such systems will be more affordable than larger
more capable systems, they will not be procured by any
one member nation and therefore should be approached
as a joint international effort.
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These are three specific recommendations: (1) These
papers should be used as the foundation for the
Working Group 16 efforts. (2) The results of Working
Group 16 should then be briefed to the member nations
and NATO headquarters. (3) A NATO team should be
established to develop technical and operational
options, with costs, to be reported out 10 NATO by
early 1994,
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TACTICAL SATELLITES
F.H. Newman
The Aerospace Corporation
P.O. Box 92957
Los Angeles, CA 90009

ABSTRACT

The concept of a Tacticat Space System, “TACSAT"
is a means to provide a rapid. on demand,
augmentation of the backbone U.S. military space
systems. Such augmentation would be valuable o
temporarily repiace lost capability or in times of ¢risis,
to accommodate surge demands. Because
augmentation needs are not altways known a-priori, it
would be desirable to be able to rapidly constitute
the appropriate payload-sateliite bus combination to
accommodate the need for a specific space
capability. To do this, one can envision a standard
bus capable of accepting a variety of payloads, or
better yet, a single spacecraft designed to perform
several different missions. Both options are
considered. A number of potential missions exist in
the areas of surveillance, navigation, environmental
sensing and communications. Of these, two are
presented as strawman concepls; surveillance and
communication. For surveillance, an electro-optical
payload is described that could be used for missile
surveillance, theater targeting or weather data using
the same optics, focal piane and processor. The
satellite orbit selected dictates which mission is
performed. For communication, both SHF and EHF
payloads are defined to provide theater coverage
for the tactical user. The advantages and penaities
that accrue to the use of a common bus are aiso
explored. In addition, launch options are identified
and a comparison made between "launch-on-

demand” and "launch-on-schedule” strategies.

Potential timelines for rapid launch are shown based
on parallel processing and checkout of spacecratft
and launcher. This technique is compared with
launching satellites on a routine basis and storing
them in orbit. Energy requirements for
repositioning these stored satellites after they are
activated in time ¢/ need are defined.

DISCUSSION

The purpose of this paper is to put into context the
role of the tactical sateilite and present soma sample
applications in order to provide an introduction to
the more detailed design and operations papers 1o
follow. The Tactical Space System, commonly
referred to as TACSAT, was envisioned as
providing a space capability directly under the
control of the military field commander. When
needed, the spacecratt can be quickly assembled to
provide the required mission capability and quickly
launched or repositioned in orbit 1o provide the
required coverage. The system would be
compatible with, and operate within the larger in
place space architecture, or as a stand alone
capability. In either case, however, its operation
would be transparent 1o the user; that is, the user
would be able to use the same ground terminals
aiready in use for interaction with the larger
backbone satellite systems. The need for a
TACSAT can arise from several circumstances. First
would be to augment the existing space
infrastructure in order to accommeodate changes in
requirements that could be caused by changes in
the military alert posture, e.g., as we go from peace
to crisis to war. TACSAT could also be deployed it
areas of military instability shift from one
geographical location to another. it may, in fact,
become necessary to cover several geographical
locations simuitaneously. During Desert Storm, for
example, space assets were repositioned to support
operations in the Persian Gulf. Had a crisis or conflict
occurred in a different parnt of the world at that same
time, we would have been hard pressed to support
operations in both theaters. As i will show later in
this paper, space launch systems are not very
responsive, nor are satellites stored in orbit
generally designed to be maneuvered rapidly. If a
failure occurs in one of the backbone space
systems, then TACSAT couid be used to provide an
interim capability until that backbone consteliation
can be restored. This situation occurred several
times in the U.S. military space program, particularly
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when we have gone trom one mode! satellite to a
redesigned or upgraded one. If one looks at an
actual suppiy/demard curve it can be seen that for
the sake of economy, most space systems are
designed fo provide a nominal capability. In general,
this capability is less than the peak demand
requirements. Also, as mentioned earlier, the
capability may be reduced due to system failures.
When a crisis occurs, the shortfall between demand
and supply could be quite significant.

For TACSAT to fili this gap, it must possess three
main characteristics; flexibility, responsiveness and
affordability. The first criteria for TACSAT, flexibility
means that it must be capable of supporting muitipie
mission areas. These mission areas are generally
defined as surveillance, communications, navigation
and environmental monitoring. As | will discuss later
in the paper, there are several ways to design a
system that is capable of performing more than one
of these missions. If we can achieve this fiexibility,
the number of TACSATs to be built will be
maximized, and accordingly, the unit price will be
minimized. Another element of flexibility, alluded to
earlier, is compatibility with the existing
infrasiructure. From the logistics and well as an
economic standpoint, no TACSAT specific data
receiving or processing equipment should be
required. This is true not only for the user
equipment, but for the facilities required to control
and monitor the space systetns as well. The final
flexibility criteria is launch resiliency. Currently, the
military space launch strategy does not include
"launch through failure”. When a launch failure
occurs, a significant downtime is generally
experienced in order to troubleshoot and conduct
the analysis necessary to determine the cause of
the launch failure. Failure is rarely accepted interms
of its statistical probability but rather, because
spacecraft and launch systems are expensive, the
financial risk attendant to the next launch warrants a
thorough failure investigation. The TACSAT
concept, on the other hand, is premised on quick
response and low cost.

Responsiveness is the second characteristic that a
TACSAT system must possess. Responsiveness
can be achieved in two ways. The first is to store
spacecraft and launch vehicles on the ground and

then launch rapidly when the need arises.

Depending on the location of the taunch site, it may

be possible 10 launch into the inclination of interest
and thereby obtain pertinent data on the tirst orbitai
pass. Another means of obtaining responsiveness
requires the capability to reposition satellites already
in orbit. This is a particularly attractive option for
satellites in the geostationary belt.

Ot all the TACSAT characteristics, the one that is
absolutely essential is affordability. if a low unit cost
can be achieved the TACSAT concept can be an
attractive option especially in this era of limited
detense spending. TACSATS can be incrementally
acquired allowing the user to purchase the capability
needed at present and then add to that capability as
the need arises.

One method of achieving affordability is to maximize
design commonality across the spectrum of
missions to be performed. In the ultimate, one
would desire to have a single satellite design
capable of performing any mission. This, of course,
is not possible. This paper will discuss, however,
combining similar missions. A second level of
commonality would be to have a common bus and
bus subsystems such as power, attitude control,
and thermai protection. In this concep!, the
payloads woulid be different for each mission. The
least degree of commonality would be achieved by
having a ccmmon bus with subsystems and
paylcads tailored to the individual mission. Any
amount of commonality will resuit in a larger unit buy,
thereby amortizing the RDT&E costs over a larger
base and taking advantage of the production
learning curve to reduce the unit cost. Second,
affordability can be achieved by using the existing
infrastructure.  Operating with TACSATs should be
transparent to the user: it must use the same ground
terminals as the backbone space architecture. Also,
because TACSATSs will tend to be smaller and more
proliterated than the backbone system, it will be
necessary to make these systems more
autonomous thereby reducing the need for satellite
controf and the costs attendant to that function. For
those systems employing the rapid launch option,
satellite 10 launch vehicle integration and test will
have to be simplified to allow operation by military
personnel without contractor support. Finally, the
largest cost driver to space systems are the
requirements themselves. As mentioned earlier,
the TACSAT concept will allow the user the option
to buy only that capability that is needed; the more




capability bought, the higher the cost. Other factors
that will tend to reduce cost are limited coverage
(theater rather than worldwide) reduced lifetime, and
a minimum of extras, such as heroic survivability.

A number of potential TACSAT missions were
studied. These included surveillance,
communications, environmental sensing, nuclear
detonation detection, space surveillance and space
experiments. The first two missions were chosen to
be discussed in further detail in this paper because
they illustrate two levels of commonality than can be
achieved. The use of a single satellite design to
perform two different surveillance missions, theater
surveillance and tactical missiie tracking, was
explored. Although these missions have ditferent
requirements, it will be shown that by selecting the
proper orbits, both missions can be met with a
common payload design. Theater surveillance
involves looking at relatively small target areas in
order to do target location and then bomb damage
assessment. These parameters are also required to
aliow the user to monitor the battlefield in order to
determine deployment and strategies. To do this
with reasonable size optics requires that the satellite
be flown at relatively low altitude. A 500 km circular
orbit was chosen for this application. Tactical missile
tracking, on the other hand, requires coverage over
a larger area and the ability to detect and track
missile launches from the infrared signature given
off by the rocket plumes. For this application,
satellites in geostationary orbits were postulated.

The theater surveillance systern uses an electro
optical payload in the visible region for imaging of
the selected target areas. At 500km altitude, the
payload would be able 10 acquire targets within an
area of 2000 km in track and 1000 km cross track.
Within this acquisition basket, the payload would be
directly commanded by the user to image target
areas up to 9 X 9 km. The data taken by the satellite
would be transmitted directly back 1o the user who
would have the capability to do data exploitation in
near real time. [t is envisioned that the entire
process from tasking of the satellite, acquisition of
the data and downlinking to the user would take a
minimum of 15 minutes. The maximum timeline is
governed by the revisit time and is a function of the
number ot satellites in the constellation and the orbit
inclination. The theater missile tracking system,
deployed in a geostationary orbit, uses a scanning

infrared sensor 10 detect tactical missiles and after-
buming aircraft in a 2000 x 2000 km area. Within that
target area, the system is capable ot processing up
to 1000 potential targets and, atter processing,
tracking up to 100 real targets simultaneousty. For
ballistic missiles, both launch and impact points can
be predicted. These predictions could then be
used to initiate a counterforce strike or cue
defensive systems.

A single sensor that could do both the theater
surveillance and tactical missile tracking missions
was conceived and is shown in Figure 1. The
sensor has common optics for both missions and a
dual focal plane array to accommodate both the wide
field of view and the high resolution requirements.
The payload was compact in gesign and weighed
approximately 100 kg. It was now possible 10 satisfy
one of our affordability criteria; a single satellite that
couid do more than one mission depending upon
the orbit into which the satellite was deployed.
Once the spacecraft and its payload had been sized,
a study was conducted 1o determine whether the
spacecrait could do missions other than those for
which it was designed. Figure 2 shows that the
missions of multi-spectral imaging and space object
surveillance could also be done from a satellite in a
500 km orbit and that the mission of cloud and
ocean imaging could be done from geo. The
imaging missions would utilize both the R and
visible spectrum at the discretion of the user
depending upon the operational and environmental
conditions at the time. The surveillance of space
objects from space wouid be done soiely in the
visible band. To summarize the potential for
commonality in the surveillance area, preliminary
analysis has shown a minimum of five missions that
could be accomplished by a single satellite design.
It is expected that a more detailed analysis could
surface even more potential missions.

As noted earlier in this paper, a second levei of
commonality would be to have a common bus
capable of accepting irterchangeable payloads. To
exploce this possibility, a second mission area,
communications, was selected for study. The study
developed conceptual designs of satellites sized to
provide direct communications suppornt to tactical
commanders. Design concepts at both SHF and
EHF were formulated. The tactical users have
identified the need for small portable ground
terminals that are lightweight, relatively inexpensive,
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rugged and easily operated. This need for small
ground terminais drives the satellite design to the
use of high powered transmitters and high gain
antennas. The SHF satellite was configured as a
bent pipe in which little processing of the signal is
done on board the spacecraft. The communications
payload simply receives the signal, shifts carrier
frequency and retransmits it towards the earth. The
EHF system, on the other hand, does much more
processing of the signal on the satellite. The signal
coming into the satellite is taken off of the carrier and
shifted down to baseband where the bits the of
digital message are available. The digital bits are
routed to their destination, shifted up in frequency,
put on the carrier and retransmitted to the ground.

The SHF bent pipe system utilizes two
transponders each having a nominal capacity of 80
MHz. A 61 element multi-beam antenna provides
anti jam nulling on the uplink and a 19 beam multi-
beam antenna shapes the downlink coverage
pattern to the theater. In addition, a spot antenna
and an earth coverage horn are inciuded in the
downlink. Three solid state powered amplifiers are
incorporated in the design to provide redundancy.
The spare power amplifier can be switched into
either of the two active channeis. The resultant
payload weighs approximately 84 kg and requires
225 watts of power to allow link closure with man
portable terminals having an antenna on the order of
0.6 meters in diameter. A capacity of approximately
2000, 2.4 kbps channels would be possible using
those man portable terminals.

A 36 channel EHF payload was also sized. This
payload was designed to support EHF man portable
terminals. The payioad consists ¢f 32 low data rate
communications channels and 4 channels for noise
characterization/acquisition. The sample payload
has a 61 beam multiple beam antenna with a rulling
processor on the uplink. The fully autonomous
operation ot the processor represents the only
design area that may be pushing the state of the an.
The downlink includes a 19 element MBA, a spot
antenna and an earth coverage horn. The design
features fully redundant travelling wave tube
amplifiers. Assuming there is one user per terminal
and an average call duration of 4 minutes, the
number of terminals that can be supported can be
calcutated using message switching theory. With a
5% probability of call canceliation or a 20%

probability of call delay, approximately 400 to 500
user terminals can be supported by this 36 channel
system. The resulling payload weighs
approximately 120 kg and requires 245 watts of
power.

in the previous section, we sized 3 payloads. a
single payload that can accomplish two survelliance
missions, an SHF communications payload, and a
EHF communications payload. Payload weights
ranged from 84 kg to 118 kg and the power
requirements were from 225 watts to 300 watts. if
we now try to design a common bus, one that
accommodates any of the three payloads, we find
that the payioad governing the design is that of EHF
communications. It is the heaviest payload, has near
maximum power requirements, a 10 year life and
requires 45 kg of maneuver propellant (the reason
for which will be discussed later). The resuftant
spacecraft weight, including payload, is 635 kg. in
comparison with a unique spacecraft designed for
each specific mission, the common bus spacecraft
represerts approximately a 30% weight overdesign
for the theater surveillance mission and a 7 to 8%
overdesign for the theater missile tracking mission.
This basically comes about from the differences in
sateilite design life which governs the amount of
propeliant that must be carried for station keeping.
In addition, the theater surveillance mission is
conducted from lower orbit and does not require the
45kq of maneuver propeliant. tn comparison to a
satellite specifically designed for the SHF
communications mission, the common bus design
represents a 27% over design. This is mostly due to
the lighter SHF payload weight and reduced power
requirement. Penalties of this order of magnitude
must be accepted to take advantage of a common
bus design. Not only does commonality achieve
cost reductions as a result of an increased
production buy and corresponding learning curve
leverage, but it promotes the use of standard test
procedures and test equipment. Payloads can be
handled as black boxes and thereby, integration and
test times can be reduced. It is clear, however, that
the more the payload weights and mission
parameters diverge, the larger the penalty that must
be paid by using a common bus.

The surveillance and communications missions were
then used to detine the more complete set of bus
design parameters shown in Figure 3. As expected,




these parameters vary both as function of mission
and ombital parameters. In the area of Guidance,
Navigation and Control (GN&C) the most stringent
requirements (pointing and jitter) are dictated by the
electro-optical mission from GEO. This mission also
has the largest communications data rate demand.
The requirement for autonomy falls under the
general heading of Command and Data Handling
{C&DH) and can be up 1o 180 days. To achieve this,
it is thought that connectivity with the U.S. Global
Positioning System (GPS) would be required to
provide ephemeris updates. The propuision
requirements are driven by the need for orbit
reconstitution (on-orbit maneuvering). This will be
discussed later in this paper. Finally, the bus will
need to be protected from the natural space
environment as a minimum. it is recognized that a
truly common bus design may compromise these
requirements but to determine the extend of such
compromise will require more detailed study.

Two launch strategies have been considered for
TACSAT application; launch on demand and faunch
on schedule. To understand the implications of
these strategies, the launch vehicles available 1o the
TACSAT must be examined. In the current fleet of
United States launch vehicles, the medium launch
vehicle (MLV), i.e., Delta 7925, is the one that
comes closest to satistying the TACSAT
requirements. With a solid propellant kick motor, it is
capable of placing approximately 900kg into a
geosynchronous orbit. This represents a 40% over
capacity for the 635 kg TACSAT described. An
Atlas class MLV, will place approximately 1500 kg
into GEO allowing TACSATS to be launched two-at-
a time if such a launch strategy is deemed to be
advantageous. For low altitude satellite
deployment, the Pegasus lift capability is about 400
kg; somewhat shy for the satellite discussed in this
paper. The Taurus, which is essentially a Pegasus
on top of a Peacekeeper first stage, appears ideally
suited to this application. This vehicle is, however,
still in the development stage.

Responsiveness is a characteristic generally
associated with TACSATS. The capability to rapidly
deploy the satellite to the area in which it is needed
is essential. When examining the responsiveness
of our current launch fleet, however, the nominal
time from the mating ot the spacecraft to the launch
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vehicle until the launch can actually take place is 24
days for an Atlas il and 7 days for a Delta il. By
streamlining the process, it may be possible 1o
reduce this time down to 7 and 5 days respectively.
Add to this the travel time to orbit and the spacecraft
checkout time once orbit has been achieved and i is
not clear whether the GEQ based satelliles can be
responsive enough using a launch on demand
strategy 10 meet user requirements. On the other
hand, for the low altitude satellites launched on a
Taurus, it appears that, with judicious sateliite
design, response times on the order of 24 to 48
hours may be possible. It should be noted that
modifying the launch vehicle alone is not sufficient
for rapid response. Today's spacecraft can require
days or weeks of checkout after they achieve orbi.
If surveillance data is to be obtained in the first orbit,
for example, design features such as blowdown
focal ptane coolers and optics contamination
avoidance systems must be incorporated.

For the GEO based satellites, an alternate means of
providing responsiveness has been studied. in this
strategy, the satellites would be launched when
available or on some predetermined schedule and
stored in orbit. The satellites could be stored in a
dormant condition and activated when needed,
thereby, minimizing satellite life degradation. The
satellites could be stored at a convenient point in
the GEO belt and repositioned to the area of interest
as the need arises. Figure 4 shows that a 600 kg
class satellite could be shifted up to 30° per day with
the expenditure of no more than 45 kg of fuel. It is
doubtful, however, that il several satellites are
stored in this manner, there would be a requirement
for this high rate of orbital shift. it seems more
reasonable to anticipate maneuvers on the order of
5° per day considering that crises or conflicts do not
normally occur instantaneously but rather develop
over some period of time.  Under these conditions,
the 45 kg of propeliant could provide 4 to 5 such
maneuvers per satellite without affecting satellite lite
on orbit.

In summary, this initial study has shown that
TACSATs can be used to augment the existing
backbone space architecture by providing a
capability that currently doesn't exist, such as tactical
surveillance, or by adding to an existing capability,
such as communications, in times of crisis or contlict.
in this manner, it could also be used 1o provide an
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interim capability should one or more of the
backbone satellites fail. In order to make the
concept practical, however, the systems must be
affordable. One method of achieving such
affordability is through maximization of commonality.
It has been shown that commonality can be
achieved at least on two levels; a single satellite that
can perform more than one mission or a common
bus with interchangeable payloads. Respon-
siveness, which is another key element of the
TACSAT concept, can also be achieved in several
ways. For low attitude satellites, rapid launch on
demand is possible while for GEO satellites, storing
on orbit and on orbit repositioning appears to make
more sense. To make either of these strategies
work requires that the system has a low infant
mortality, i.e., when you turn it on, it works. Finally,
the system must be responsive to user demands.
This means user control of the asset and direct
transmission of data to the user terminal.

In conclusion, the timing is right for the
consideration of a TACSAT capability. With the
recent geopolitical upheavals, the focus shifts from
the anxiety of global huclear war to regional, tactical
areas of conflict. Such a shift leads to increased
demands for information and capabilities that can
only be achieved from space. Furthermore, the
areas of operation, atthough limited in size, are likely
to be worldwide. The ability to bring assets to bear
rapidly will be of paramount importance. Recent
experience in Desert Storm has attested to this
supposition. The value of space assets for
surveillance, communications, weather and
navigation was clear. System shortcomings, such as
the inability to get some data directiy to the user was
also evident. Desert Storm also demonstrated the
impact of a cooperative, coordinated, multinational
effort. This trend is likely to continue in the future
forcing requirements 1o be specified on a universal
rather than a national level. These common
concerns and needs, along with the severe military
spending cuts that are facing individual nations,
provide a greater opportunity for international
cooperation in the development and use of space
systems. The TACSAT concept is particularly
attractive in this regard by providing the means of
acquiring incremental capability on an as needed
basis. If the degree of commonality and
interchangeability discussed in this paper can be
achieved, the TACSAT can provide a new way of

deploying and operating space assets, one that
gives the user direct control and the ability to receive
chtical data in a direct and timety manner.
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Fig 1. Multi-mission sensor
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Multi- Cloud/ Tactical
Theater Spectral Space Object Ocean Missile
Mission Surveillance Sensing Surveiltance imaging Tracking
Orbit, km 500 500 500 35750 35750
Spectral Various Various
Bands, um 0.45-0.90 Commandable 0.45-0.90 Commandable| 2.7
0.4-10.0 0.45-10.0
Field of view/ 1.6° x 1.6° 3°x 0.1° swath | 360° swath 18° x 18° FxF
scan rate, data 2.5%sec 1.8°/sec 8°/sec 8°/sec
rate 274 Mbps 274 Mbps 20Kbps 70 Mbps 20Kbps
Continuous
Re-visit 12 Hours for one satellite - over Area 2 sec
of Interest

F'72. Multi-mission sensor performance
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ORBITS LOW-MEDIUM EARTH ORBITS GLEOSYNCIIRONOUS EARTH ORBITS
MISSIONS / ELECIRO OTER ELECIRO COMM
PAYLOAD TYPE OPTICAL COMM OPIICAL

{< YO sumi) [Q314 LiRTTTINY
BUS PARAMETERS NAVIGATION
GN&C

Stabilization 3-axis 3-uxis 3-axis 3-amis, dual spin

S/C Pointing (deg) 510.01 Sw.d 210 U 51002

S/C Jitier (deg) 1o, 001 Sto 2 .1 1o 0001 510.03

Slewing (deg/sec) 30 Noue None None

COMMUNICATIONS
Frequency Band S, X, SHF, EliF S, L, UlF X, SHF, EHF S. X, SHF, EHF
Downlink Rate up to 274 Mbps 4Kbps up to 274 Mbps 10 Mbps
Downlink BER < 10-6 < 10-6 <10-6 <10-6
Contact with grd 210 12X/ day Intermitient Continuous Continuous
C&DH
Bulk Storage 2 Gigabits No No No
Processing
Autonomy 180 days 1 - 3 Mosaths 90  days
PROPULSION
Stationkeeping No Yes (+- .10deg) Yes (4 - .10 deg) Yes (+ - .10 deg)
Alt Adjustment Yes {+- 25 nmi) No No No
Orbit Reconstitution Yes No Yes Yes
Momentum Magmt Yes Yes Yes Yes
POWER
EOL Ave Watts 600 < 1000 < 1300 < 1000
Eclipses Frequent (> 50000 Frequent Infrequent infrequent
cycles) ( ~3000 cycles) { ~ 3000 cycies)
ENVIRONMENTAL
Rad Dose - Rad (Si) <500 ye SO00 { s 2000/ yr 2000/ yr
Thennal Req's Stressing Mod to low Low Low
Qutgassing < 50 PPM < 30 PPM < 50 PPM <50 PPM
Fig. 3. Generallzed design budget for TACSAT common BUS
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Discussion

Question: To meet stated requirements for area coverage,
how many spacecraft will be needed, given a 9km X

9km IFOV? The issue is whether the total constellation
size needed will drive costs beyond affordability.

Reply: A single satellite takes 9 X 9km snapshots
anywhere in the acquisition area. The number of areas

to be imaged and the dwell time on each target area,

as well as the revisit time requirements and the orbital
altitude, will dictate the number of satellites required.
Tradeoffs have not been conducted to assess affordability
as a function of requirements, but, as you ocbserved,

the requirements must be kept under control or
affordability will be lost.
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EVOLUTION OR REVOLUTION — THE CATCH 22 OF TACSGATs?

CJ. Elliott
Smith System Engineering
Smith Associates Ltd
Surrey Research Park
Guildford GU2 S5YP
United Kingdom

1 Introduction

The potential exploitation of TACSATSs is limited by a
vicious circle in which users do not specify requirements
which they believe to be inteasible and the space industry
does not offer radically ncw solutions because it percetves
no demand. This is the Caich 22 of the title.

This paper aims to show sume of the possibilities 1f we break
out of that vicious circle. A private civilian Earth
observation mission (SeaStar) is adopted as a basclire. In
order to illustrate what might be possible, military
payioads for surveillance, verification and C31 are
suggested. derived from land or air based systems that either
already ecxist or arc known to be under development. It
must be appreciated that these are not presented as proposed
designs, merelv as a kind of “existence proof” for high
performance and low cost satellites.

It is possible. on the basis of this “existence proof™. o
cxplore some of the operational consequenc. s of the more
general use of TACSATSs.

2 “Traditional” space thinking
There has been a development in the space projer's carried
out in the USA and Lurone from the early days of simple.
dedicated and inexpens:ive missions, through to the present
position where most muissions are complex. muiti-purpose
and expensive.

This is a result of a positive feedback mechanism! which
systematically forces space missions to become more
cxpensive, take longer 1o exccute and fail to satisfy the
needs of their users. The positive feedback mechanism starts
with the beiief that space projects are expensive. The
consequence of this belief is that there will not be many
projects. Few projects mean that:

they must be planned carefully to get the best out of
them;

they must be reliable;

they need to be large to achieve a lot from each
project;

there will be liule competition (not oniy commercial
competition between suppliers but there is also little
room for competition of ideas).

Each of these brings consequences for the conduct of the
projects. Planning causes delays. High reliability when not
building many systems means that integrity must achieved
by design This preciudes the use of the latest, unproven

technology and. taken with the planning delays. means that
spacecraft are built with obsolele components, Large
projects need large launch vehicles which, when combined
with the tack of compeution and the need for high
refiability, means that launch is expensive.

Large projects also require large payloads and justify a
large (and expensive) pround infrastructure. Large
payloads bring a twist of their own. The space systems are
too big 1o be buit by a single contractor and it is necessary
to invoke a complex (and cxpensive) management
structure, One consequence of this is that 1t is difficult o
perform optimisation trade-offs between components of the
system because of the ngid contractual boundaries. This
results in non-optimum designs built, as argued above, with
obsclete components, which leads to very poor
performance per kilogramme. Here is the first vicious spiral
because poor performance ner kilogramme requires even
bigger payloads.
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When all of these arguments are brought together, the
resulting vicious spiral reinforces the opening premise:-
“space projects are cxpensive”. Any perturbation. like a
launch vehicle failure, causes more passes around the spiral
which reinforces the premise and the costs climb further.

It is important to recognise that there is no malicious act in
this spiral. It is a consequence of reasonable decisions being
taken at cach stage of the design and planning of these
projects. That is why revolutionary changes in the
procedures, practices and thinking are needed to reverse the
cost drivers.

What could happen if all of these changes in approach were
to occur? If it is assumed that space projects are cheap, a
different positive feedback picture emerges, a virtuous
spiral.
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This now points towards the revolutionary approach.
Miltary space missions could exploit sub-systems already
developed for air or land based use and achicve integrity
through redundancy (many missions) and through the
benefits of a production run rather than one-off build. The
reduced cost of the missions would allow them to be weated
as tactical, rather than strategic, assets. The rest ol this paper
will look at some possible military missions for
surveillance, verification and C3I, based on a standard
civilian Earth observation bus.

3 Baseline for military missions
Background

The SeaStar mission, being executed by Orbital Sciences
and Hughes Aerospace provides - reference on which to
base possible military missions2. It is a civilian earth
observation mission, designed to monitor the ocean colour,
a measurement that is considered to be of great value to
environmental research and possibly to be of commercial
value.

SeaStar is based on the PegaStar bus which offers:
3 axis stabilisation 1o +1°;
at least 170 W mean electrical power:
up 1o 3 year life;
up to 70 kg payload mass;
paylcad <Im diameter and <1.5 m long;:
cncrvpted data downlinks (L-band and S-band at up to
2 Mbits 1y
>150 Mbytes on-board data storage;
shock and vibration environment similar to that of
military aircraft
Cost
The financial basis of SeaStar is:

commercial privaie venture development and
operation, against commitment by NASA to purchase
data ;

agreed price $43M for 5 years of data, including ali
construction, launch and operations.

[t wiil be assumed that any of the payloads considered in
this paper will cost no more than the SeaStar payload. On
this basis, 1t will be assumed that the total cost of a § year
mission, including launch and operations, will be $10M
per year. Informal discussions with Orbital Sciences have
indicated that a short mission (<1 year) would cost no more
than $12M.

Orbital altitude

All of the payloads considered in this paper are more
effective at lower altitude and 400 km will be assumed.
Drag from the residual atmosphere will be between .02

mN m2 and 0.' mN m'2, depending on the state of the
solar cycle. Orbit maintenance will require, al worst case, 2
kg of fuel per year, assuming a cross-sectional area of 2m?
and a thruster of Igp = 300 s. It will be assumed that such a
spacecraft at 400 km alutude will require no more fuel ai
faunch than would be needed for SeaStar at 705 km.

Observation opportunities

[t will be assumed that the purpose of the spacecraft is to
observe a specified point as frequently as possible and, for
simplicity, only circular orbits will be considered.

The average number of passes per day by 1 (o 5 satellites in
the most appropriaie orbit at an altitude of 400 km 1s
shown below. assuming that the sensor has an off-nadir
capability of 300 km*. The distribution of those viewing
opportunities depends on the exact choice of launch time
and inclination of the orbit.
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4 Possible military missions

Three types of mission will be considered: - surveillance,
verification and C3l. In each case, the approach will be to
examine the performance that might be expected if the
payload were to be a conventional terrestrial or airborne

system.

The mechanical stresses of launch will be no worse than
encountered in a military aircraft. Radiation effects will not
be significan! at an altitude of 400 km. The only special
constraint of space is the need for high rehability - 40.000
hours would be required for a S year mission.

Surveillance

A possible surveillance payload is the arrborne radar under
developme-t for the Advanced Tactical Fighter radarS.
Annex A shows that it is falls within the constraints of the
mission baseline.

Three surveillance modes can be considered:

for air surveillance:

- look-down Moving Target Indication (MTT);
matched tllumination;

for ground surveillance:
spotlight Synthetic Aperture Radar (SAR).

The application of these in naval or land actions can be
seen as analogous to stand-off radar, Remotely Piloted
Vehicles (RPV) or the ideas for organic air protection of
fleets using airships.

A different approach to surveillance would be to use an
infra-red imager, operating in the 3-Sum or 10-12um
bands. Annex B describes an optical sensing system for the
visible bands and informal discussions with Questar have




indicated that an IR version of the 127 ielescope 1s being
considered. A 256 element lhinewr detector array would
allow imaging a stnp ~1.5 kin wide wuth ~ 10 m spaual
resolution 1n the 3-Sum band. This wouid allow detection
of, for example, thermal signatures on runways where
awrcraft have taken off or the detecuon of hot spors on
armoured vehicles caused by the heat of their engines.

Verification

Space-based verification systems may be ured to cue
ground or over{light inspecuions. A system with moderate
spatial reselution but with the flexibtlity to image
requentdy and without warming might be an effective
deterrent to breaches ot a treaty.

The aptical system descnbed 1 Annex B would allow 2 km
syuare smages of any point to be obtained with 4 spatal
resolution of 1 m. This 1s adequate for the detection ot all
ang recogrition of most tvpes ol largclv'. The satethie may
be tasked wath a hist of pomnts of interest and can then
autonomously collect the images and either broadeast them
o a local receiver or store them on board and down load
when next passing over headquarters. There are several
opportumities per dav woimage the point ot nterest with

oie satelhte.

[Q) |

There are many aspects o 3 which mught be addressed by
means ol satelhites. Annex U considers the feasibility and
pertormance of a radar ESM svatem used to detect and
wdentity pulse and CW oemitters. The baschne svstem,
Kestrel, 15 designed tor arbarne use and can offer
significant tactuical capabihty, particutarly f the satelhte
version of the multi-port antenna has higher gn than that
employed in the airborne version.

One possible use of this syvstem would be tactical ESM. The
syvstem on-hoard the satelite would inchnde the capabaluy
track and
broadcast its track  table mcludmy
identifivaton) to tactical field umits. Although ESM only

o denterleave and radar cmtters waould

tpossibly radar
gives an estimate of the direction ot the threat trom the
recerver but not ats range, the rapid mouon of the satelie
might make 1t possible to locate the transmitter by
tmanguiation as the satellie passes. The use of two or more
sateilites has not been considered here but clearly s
could provide more immediate and 1ehable locaton

An even more powertrl wav of using two <atelhites
cooperatively would be to compare the ume of armval of
individual pulses at cach satellie rather than 1o compare
the characteristics of pulse trains. This would not however
be within the capability ol a convenuonal dirthome ESM
svstem ke Kestrel
5 Operational implications
The possible mailitary mussions suggested indreate what
mught be possibie. There are two important operatnonal
imphications:

s assumed that the satethites would be Jaunched on
demand o provide cover ot speaific pomts ol nterest,

the satelltes can communicate directly with freld
umits. llowing the data that 1» collected 1o be relayed
in real ime to users and allowing the users (o tisk and
control the satellites.

Launch on demand of a consieliation of <atelhtes mav seem

t be an expensive opuon. However, 3t should be seen in
the context of the costs of conventional sunvefance assets
such as stand ot
appropriate to compare directl e cone v TAUSATS and
they
survertlance arreratt lustrate the sums of money that can

survertfance sireratt b Cllardy not

snreratt sinee atfer hitferent vapabuities hat

be allocated o tachical suivertiance, vontivation or O3

The cost of operatng a surveillance sirerait s of the vrder
of S50 per hour. Thus, the cost ot 24 hour vover tor one
yedr would be of the order of S3OM To i must be added
the effective cost of the tnne provaibiy that the arcratt
may be lost due 1o enemy achon

A constellation ot S satethies would provide cover many
wmes per day snd not be vidnerabic to g wooar or ground
- air missiles at a cost of no more than 360M for one year.
The linancial case Tor satelltes s stronger if the operation 1s
required to continue for longer than one vear. For example,
4 drugs nterdiction support operatnon could use 3 satelbtes
to view Central America and the northern coast of South
America more than 1S umes per day at a cost of $30M per
VOAr.

Lhrect with Iicid
revolutonary change an the operattonat management of

vammunication [¥R2E2 A IC;?T(‘\(‘H{S 4
space assets. [t recogmises that TACSATS are tacticat assets, o
he deploved and explonted under the vonttol of tactics!
vommanders analogous o any oter tactical et

it s mconcervable that space assers could be vonsidered

tactical unless they were much cheaper o purchase and
operate than than current strategic asseis. However, 1t as
exactly this approach, which would lead to production runs
ot satethites comparable 1o those of, for example. fighter
arreralt, that would cause the space assets to be cheaper.

6 Conclusions

Ihe argument has run full cucte Tlus paper has presented

an approach to the provision of TACSATS hased on three
prenuses

the use of an nexpensive standard bus,
pavioads using nuhtary sub svatems:

Jdirect control and tasking of the satelhte from tactical
commanders in the field

If these three rules are adopted, iy argued that ot widl be

possible to break out of the Catvh 22 and achieve
mexpensive  operational TACSATS which convey
stpmificant mulitary advantage.
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Annex A Radar system

Al Background

It is possible to establish the feasibility in principle of
operating a radar on a TACSAT, by examining n outline
the power budgets and hence signal/noise ratio that might
be achieved using an advanced airborne radar. The model
that will be used here is the Advanced Tactical Fighter
{ATF) radar currently under development. A description of
the this development programmc5 included the following
quotations:

The USAF has pursued X-band AESA [Active
Electronically Scanned Array) technology since the
cariy 1980s for three main reasons: power/weight ratio.
agility and reliability. With more than a thousand
transmit/receive (T/R) modules, each capable of
generating around 10W of power, the F-22 has a peak
power in the megawatt range, should that be required.

- Ulumately, a mamntenance-free life of 20,000 h - the
lifetime of the aircraft - is pussible.

Svnthetic aperture radar (SAR) ... 1s not in the baseline
but the hardware can do 1t ...

A2 Radar equation
The following assumptions will be made:

- number of T/R modules: 4000

- module power: W
square array, half-wave clement spacing
wavelength: 30 mm

This indicates an antenna gain of ~39 dB and an cifective
antenna arca of ~ | m2. If the spacecraft is at 400 km
ajtitude and a target of cross section Im? is located 300 km
from the satellite track. then the received power will be
-165 dBW. If a receiver noise figure of 5 dB and detection
threshold of 10 dB are assumed. then the integrating time
wiil need to be ~ 3ms.

The beamn width will be ~ 15 km at 500 km range. An area
of 500 km square will comprise of the order of 1000
resolution cells. A transmitter power of 40 kW and
integrating time of 3 ms per cell will require ~ 3.1 MJ of
transmitted energy. The total energy available to the
payload is of the crder of 50 MJ per orbit.

A3 Operational modes

Air surveillance

Any look-down radar suffers from ground clutter and the
system described here will be particularly badly affected
because of the relatively wide beam width. Two techniques
that might be emploved to improve the detectability of
airborne targets are:

Doppler MTI,
matched illumimation.

Doppler MTI may be emploved provided that the radar is
directed across track to detect targets with a significant
velocity component 1owards the satellite. The performance
of MTI with the wide beam of this radar needs further

analysis.

Maiched iHlumination uses modulation schemes maiched ©
the charactenstic dimensions and resonances of the target.
This has been used to idenufy specific aircraft types®. No
tnials have been reported of the use of this technique to
reject ground clutter but the selectivity shown 1n the
wdenuification trials suggests that 1t might be effective.

Ground survetilance

Ground surveillance 10 detect and locate vehicles could be
carried out using spothight SAR. Typical performance
would be to form a SAR image of a single 15km diameter
region eorresponding to the beam width) on cach satellie
pass. A synthetic aperture of 1S km (corresponding 16 2 s of
illuminaton) would allow a SAR image of | m resolution
10 be constructed.

Current real-time SAR processors capable of this level of
processing have a mass and power consumpuon suiable for
airborne use and mght feasiblv be carried on-board the
satellite. Alternatively, the raw -fata couid be broadcast for
sround processing.
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Annex B Optical system
B.1 Background

This design explores what might be achieved using existing
space or military quality subsysiems 1o build a high
resolution imaging system. The spacecraft has a space-
quatified version of a commercial telescope mounted such
that it can be rotated about an axis aligned within ~ 1° of
the direction of travel. A linescan imager is mounted at the
focus of the -lescope, aligned so that it sweeps a swath
along the di.-.ction of travel {pushbroom).

The design presented here can provide 2 km square images
with a spatial resolution of 1 m. The image region is
selected by rotating the telescope for the across-track
dimension and selecting the time of rccording for the
along-track direction. The position of the satellite must be
determined to ~ 50 m in all three dimensions and the
orientation of the telescope to ~ 1 mrad in three directions
to permit the centre of the image tc be selecled o an
accuracy af ~ 0.5 km.

B.2 Telescope and sensor

The primaiy optical system 1s a space-quahified version of
the siandard Questar 12" telese ype. The kev parameters of
us specification are:

resolution: .38 arc sec
focal length: 4572mm
aperture: 305mm
dimensions: ~lm jong, ~350mm diumeter
mass: ~55ky
vibration tolerance: 10g
- material: invar
price: ~$200k

It is understood that this telescope has been used on US
military spacecraft.

The baseline design s to use the Reticon RA2048] charge
coupled device (CCD) detector operating in time delay
integration {TDI) mode. It has 10 be configured so that 1ts
long axis of 2048 sensors is perpendicular to the track of
the spacecraft and the cluck frequency in the transverse
(short) axis of 64 detectors is svnchronous with the velocity
of the spacccraft.

The signal/noise ratio of the detector, D, is given by:
D=raATsN
where:
1 is the radiance of the Ea-'h, assumed to be of the
order of 100Wm 2se' . (This figure 1s sufficiently
conservative to include large sun zenith angles
encountered at high latitudes.)

a is the area of ground mag)ped onto one pixel of the
detector (assumed to be Im=<)

A is the solid angle subtended by the telescope
aperture (.45 x {0 24t at an altitude of 400km)

T is the integrating time. defined as the time taken for

the spacecraft 1o fly 64m (8.5ms)

s is the sensitivity of the detector (480 nV J°1y

N is the detector noise level (200 uV RMS)
The signal/noise ratio s thus ~ 1000

The detector pixels are approximately 25um square. This
requires the focal length of the opuical telescope 10 be 10m.
A secondary lens will be needed but this does not have to
be of parucularly high opucal quality. The type of lens
used as a x2 teleconverior for 3Smm SI.R caneras would
probably be suitable.

B.3 Navigation and positioning;

If it 1s assumed that the nominal 2km square 1image must be
cenred on the target position with an accuracy of # 500m,
1L Is necessary (o know the orientation of the telescope to an
accuracy of the order of 0.5 mrad.

Navigation nformation wtll be derived from a GPS
receiver and onientation 1s obtained from a star sensor.

A possible implementanion of the GPS receiver 15 1o carry
out the signal acquisition and processing in software within
the on-hoard processing svstem. A bascline design using a
single transputer exists and would meet the requirements
with a power consumption of ~0.5W_ It is likely that a more
appropriate processor could be used 10 reduce this.

The siar sensor is mounted on the teiescope W ensure that
there 1s a constant angle between the two. If it 15 assumed
that the properties ol the star sensor arc:

field of view: 25¢
number of stars for rehiable fix: 6
{hence need to use stars of Sth magnude)

spacecraft roll rate: 10 mrad 5!
(= ~ [ revolution everv 10 minutes)
integration ume: S0 ms

-

25x 0 wems
as Reticon above
40 mm diameter
500 x 500 elements

then 1t will be capable of mecung the target of 0.5 mrad
accuracy if i is possible 1o interpolate 10 one half of a pixel
with a signal/noise ratio of around 70. This is considered o
be well within the performance of current interpolation
algorithms.

flux tfrom Sth magmitude star:
detector sensitivity and noise:
SCNSOT aperture:
detector array:




Annex C ESM system
C.1 Background

An airborne ESM system might provide a suitable basis for
a tactical communications or radar monitoring satellite.
The baseline that will be assumed here is the Kestrel Mk 11
made by Racal®. This is a radar ESM, capable of detecting,
deinterleaving and tracking radar emissions between C and
J band.

C.2 Detection capability

Kestrel employs a six port amplitude comparison receiver
lo measure signal bearing. The standard antennas give 360°
coverage in azimuoth, 25° coverage in elevation, a typical
pulse sensitivity of -60 dBmi and bearing accuracy of 4.5°
RMS. This would detect the main lobe of 2 10 MW ERP C-
band radar at a range of 500 km. It would also be possible
1o locate the radar to an accuracy of approximately 50km
by tracking the bearing of the radar as the satellite passes.

Antennas with greater gain could be used at the cost of
sacrificing the 360° capability. This would be more easily
achieved at higher frequencies and it might be appropnate
to replace the Band 3 antenna (I to J band) with a multiple
feed homn and reflector. A reflector of the order of 500 mm
in diameter might be expected to give 20 dB improvement
in sensitivity and a factor of 10 improvement in bearing
accuracy but would not add greatly to the mass or cost of
the system. This would allow the system to detect sidelobes
of pulse radars and te locate them to an accuracy of
approximately 5 km.

Deinterleaving and tracking of repetitive pulse trains and
identification of emitters is strongly dependent on
frequency measurement. The worst case doppler shift caused
by the satellite motion will be ~ 1 MHz and hence within
the frequency resolution of the receiver.

C3 Mechanical and electrical
constraints

The three main building blocks of Kestrel. other than the
antennas and receivers, arc a parameler measurcment unit
(PMU), a data processor unit {DPU) and a man-machine
interface (MMI). The PMU would need to be on-board the
satellite, the MMI is clearly on the ground and the
functions of the DPU could be distributed between the
satellite and the ground. There would be merit in
maximising the fraction that is on-board the satellite
because it is likely that there would be many users for one
satellite, each of whom would require the ground-based
clements of the DPU.

Kesirel is specified to meet the military lemperature range
and its vibration and acceleration tolerances are adequate
for a PegaStar vehicle at launch. The total mass of Kestrel is
approximately 50 kg and the power consumption,
cxcluding cooling but assuming that all of the DPU
functions are included, is approximately 500 W.

If it is assumed that the system is operational for ~ 10
minutes per orbit. the average power consumption is ~ 5§
W, within the PegaStar capability. In continuous operation,
Kestrel requires forced air cooling for continuous
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operation. In intermitient operation with no forced
cooling, it is esumated that the average temperature of the
cquipment will rise by ~ 1°C per minute. {f the maximum
continuous operation 1s for 10 minutes, the temperature
variations will not exceed 10°C.

If this variation in temperature is not acceptable, it would
be necessary to improve the thermai coupling between the
heat-generating elements of Kestrel and the rest of the
satellite. Heat pipes might be considered or it might be
reasonavle o contain the Kestrel units in a sealed and
pressurised container and to use forced air 1o redistribute
the heat.
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Abstract

This paper will address the concept of a
satellite based system serving the needs of
tactical users for direct access to
communications and various forms of
surveillance. Such a system must take
account of the most effective methods for
deployment and maintenance during its
intended period of operation.

In terms of the mission need the Tactical
Satellite System (TACSAT) is required to
provide the services for tactical users over
a relatively small region of maybe some
1000 - 2000 km diameter. Also the
concept is likely to involve relatively short
periods of operation of about 3 to 6
months for a typical oneration scenario.
The paper therefore addresses a system
concept in which the emphasis is placed
on reducing the scale of the logistics
involved in the deployment of TACSAT
elements and simplifying the ground
operations and facilities necessary for the
users to gain access to the services
provided.

The paper will address a number of issues
which arise such as:

- The need for 'launch on demand’

- The possibility of launches being
direct?y under the control of the area
commander

- Operating concepts for TACSATS,
comparing the approach of launch-
via-residual-mass as part of a larger
mission, not dedicated to the
TACSAT mission with the approach
of dedicated, launch-on-demand.

- Identification of information flow
requirements for TACSAT integrity
and status evaluation and for
surveillance data recovery
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- Determination of technical and cost
drivers influencing the form and cost
of ground installation and logistic
1ssues

- Integration of TACSAT facilities and
services with other communications
and surveillance systems available to
the Tactical Commander

- Investigation of techniques to
minimise the ground control and data
collection overhead

Introduction

All TACSAT Systems are designed to
provide a Tactical Commander with short
term operational data in addition to that
available via strategic resources. This
paper discusses the interfaces between the
space and ground segments of such
systems. Because there is such variety
amongst the various TACSAT systems
congcepts, it is only possible in a brief
paper such as this, to discuss the
ground/space interface in general terms.
Nevertheless offering a generalised
structure around which specitic concetpts
can be detailed is thought to be useful
especially where the concepts are unlike
those of other types of space system that
designers may be more familiar with. The
paper therefore focuses on TACSAT
system concepts that are not like classical
geosynchronous or sunsynchronous
missions.

Mission Definitions

For tactical operations any system
employed must be able to support the
mobility reguirement and operate from
unprepared and unsurveyed sites.
Communications in difficult terrain, such
as mountainous regions, coupled with the
need to co-ordinate ground, air and sea
forces, presents a complex array of tactical
communication needs and information
exchange requirements in a variety of
forms, particularly for an extensive
tactical theatre of operation.

Tactical Imaging missions will be
targetted on small, mobile platforms (eg
aircraft and tanks) as well as other key
targets (eg bridges, harbours). Multiple
sensors will be most helpful in penetrating
camoflage of these targets. For Tactical
Communications Systems, voice and data
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communications, point to point, point to
multipoint and netted arrangements may
be all required. The End Users may wish
to call upon any or all of these services at
any time. In the tactical situation the
unpredictability of the operational
environment dictates that
communications must be instantly
available, reliable and trustworthy (in
terms of a low probability of detection),
have a high probability of timely
connection, and have an appropriate level
of information security.

It is evident that the introduction of
complex procedures for terminal
operation, access constraints and rules
requiring a high degree of user skill to
understand and implement will detract
from the usefulness of the system as
perceived by the tactical user community.

TACSAT systems can be classified as
prc.iding either image data derived from
spaceborne sensors or relay
communications channels between sites
on the ground, or both. Classically these
requirements are met by standardised
systems architecture as follows:

Image Data -High resolution,
Sun-synchronous,
polar, circular

- Geostationary
Communications - Geostationary

As has already been stated, it is not
particularly useful here to analyse the
ground/space interface within such
architectures, beyond stating that
TACSAT applications in similar
architectures are possible, principally
because of excess capacity becoming
available for tactical purposes within
strategic systems. For example, "spare"
capacity sometimes becomes available
when a spacecraft suffers a partial failure
and can no longer meet the full strategic
requirement. When it is replaced by a
new spacecraft of the standard design, the
degraded spacecraft can then be operated
as a TACSAT. In another case, a
standardised design of geosynchronous
satellite has been deployed to three (or
more) stations in the geosynchronous arc
to provide a global system but strategic
Communications requirements on one %or
more) of the stations do not call for such a

large spacecraft. "Spare" transponder(s)
on such under-utilised strategic comsats
can then be operated as a virtual
TACSAT. Finally, it is sometimes the
case that "spare" launcher payload
capacity into polar orbit becomes
available because spacecraft design
constraints were too conservative for the
actual launcher performance achieved in
a parallel development, and small
TACSATS can be launched into similar
poiar orbits with this spare capacity. In all
these cases the ground/space interface is
similar to, if not identical to, the parent
system. In some further cases, very
stmilar mission concepts are chosen for
purely tactical reasons. However, in
general, different mission concepts tend
to be favoured because of the tactical
military requirements for TACSAT
systems, for example:

Flexibility under unsophisticated,
local control
Low cost
Minimum revisit times
Localized area of interest
Surprise
Secrecy
but, most of all,
Ease of use.
Other papers in this series illustrate
instances of this tendency. Here, a typical

"‘novel TACSAT" mission may be
summarised as:

Intermediate orbit inclination,
optimised for target area coverage.

Low altitude, for maximum resolution
and/or link margins.

Elliptical orbit, minimising
geodynamic drag.

Highly manoeuvrable spacecraft to

maintain orbit alignment with respect
to the target area.

Pre-programmed payload operation.




Ground Control

During the full novel TACSAT mission
there will be the following, distinctly
different, phases of operation.

Launch Preparation Phase

It is possible that there will be a choice of
Launch Vehicle configuration. For each,
there will be a complex trade-off between
orbit parameters (especially orbit
inciination), payload mass (or
functionality) and target area revisit
periodicity. There will also be a complex
trade-off for the phasing of any particular
orbit between spacecraft constraints (eg
sun angle at injection), operational
coverage requirements and spacecraft fuel
consumption during orbital manoeuvres.
There may be a military requirement to
deceive a so;histicated enemy, able to
identify and track novel TACSAT
launches, as to the nature of the intended
tactical support, especially phasing over
the target area. Finally, there may be a
requirement to defend the TACSAT
system against jamming,.

The trade-offs must be resolved and the
launcher/spacecraft configuration
finalised (including programming of
on-board computers) early in the Tactical
Deployment when the Tactical Staff will
have many other pressures to finalise
deployment plans and logistic support.
However, since it cannot be assumed that
these staff will be familiar with spacecraft
operational constraints and speedy
decision making may be of the essence,
previous in-depth training in system
operation will be a pre-requisite of
successful TACSAT operations.

Launch and Early Operations (LEOPS)
Phase

Launch services would be provided by a
specialist supplier requiring minimum
interaction with the Tactical Users. The
boosted ascent and spacecraft separation
will be pre-programmed. However,
determination of the initial orbit by
ranging during first apogee will be
necessary from appropriately located and
equipped ground stations. Note that the
spacecraft ranging transponders may well
need to be protected by encrypters from
ranging, and/or from jamming, by enemy
ground stations: hence digital ranging,
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military staff and cypher distribution
channels will be preferred For accurate
early orbit determination, these ranging
stations would be on a long (> 1000 km)
baseline and must pass ranging data sets
by commuunications links to a Central
Control facility equipped to compute the
initial orbit. It wiH be convenient to
arrange for this Centre to also compute
necessary manoeuvres, predict the
subsequent orbit evolution and, most
probably, execute the manoeuvre
sequence in a manner consistent with any
requirements for payload deploymenu
activation/calibration. To effect the
manoeuvre/activation sequence, 1racking,
Telemetry and Command (TT and C)
access would have to be provided via
several, well-distributed Ground Stations
if this phase is to be completed with
minimum delay. In short, this entire
phase could be under the control of the
launch site, provided with support from a
network of appropriately equipped
Ground Stations.

However, in view of the military
sensitivity of TACSAT missions, it is
more likely that all Ranging, Telemetry,
Manoeuvre Computation and
Telecommand functions would be
exercised by a suitably equipped and
military-staffed Facility. For reasons of
compatibility with Launch Site and
back-up orbital support, TT and C
functions could be conducted at S-Band
using the Space Ground Link System
(SGLS) standard, but with encryption
enabled shortly after successful injection
into initial orbit. Ranging, Telemetry and
Telecommand functions could be
exercised by a 19 m S-Band Telemetry &
Command Station (TCS), supplemented
by relatively small (3 m) S-Band terminals
co-located with selected permanent
Ground Stations. Alternatively, the entire
TT and C support could be exercised
within the X-Band channel allocations for
Milsatcom and Earth Resource Downlink
channels. In either case, TT and C
baseband connectivity during the periods
of TACSAT visibility must be provided.
for example via orderwire channels
within permanent communications
accesses.
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TACSAT Operations Phase

The TACSAT system is seen gn this paper
as supplementing strategic C°I resources,
particularly where communications
requirements peak or imaging data are
needed at short notice. The opportunities
to use TACSATS to best effect can
therefore only be recognised locally and
gxould put into effect by a local Control
entre.

The Control Centre must be able to assess
the effects of orbital manoeuvres, execute
manoeuvres promptly and quickly confirm
the achievef new orbit. As has already
been said, speedy and accurate orbit
determination can only be achieved with
long, ie out-of-Theatre, baselines.
Certainly for imaging missions, perigee
will be over the tactical theatre; for
communications missions this may also be
true.

The out-of-Theatre character of the
control function for some missions is
reinforced by the need to manoeuvre near
apogee, where manoeuvre fuel usage is
minimised and visibility to ground stations
is maximised. The Control Centre may
also have to call on spacecraft equipment
designers and test configurations to
resolve spacecraft performance
anomalies. All of this tends to suggest
that the responsibility for TACSAT
Control could be assigned to a Military
Spacecraft Control Centre supported by a
global tracking network but with an
excellent co-ordination interface to
in-Theatre tactical operations staff. This
latter requirement could be met by
assignment of several specialists (with
recent spacecraft operations experience)
to provide a 24-hour service at the
Tactical HQ. The Control Centre used
during the earlier Phases could be used to
execute spacecraft control. However, a
knowledge-based system located
in-Theatre is likely to provide faster
response and more consistent operations.

This could be automated to minimise the
number of operations staff and provide
consistency during 24-hour operations. 1t
would consist of the following elements:

Automated Mission Builds timeline
Planning options

Automated Library of Flight

Operations Control Plans,

Planning including Anomaly
Contingency Plans.

Computer Assisted Executes actual

Operations control via Tracking
Stations.

Adaptive Training Createsand
evaluates training
sessions.

Network Control is also required in the
case of a TACSAT communications
mission. It can be assumed that the
communications transponder wiil be
accessed only by in-Theatre force
elements, using locally-assigned cyphers.
In order to provide communications
services compatible with the needs of
tactical End Users, the way in which the
network is managed and user access is
granted and controlled must involve a
minimum of "overhead” workload
imposed on the End User. This can range
from avoiding the need to point the
antenna on his terminal tprecisely, to the
simplicity of operation of the equipment,
to a means of establishing user confidence
in the integrity of the system, and to its
ability to provide the services required.
Optimum use of the TACSAT capacity
will be most easily achieved by a mixture
of frequency assignment and timeline
planning issued by in-Theatre signals
staff. Som= types of TACSAT
store-and-forward communications
mission will require quite complex
space/ground protocols which must be
transparent to the End User. Some
classes of TACSAT will provide imager
or transponder configuration options that
are selectable by ground command. The
in-Theatre specialist TACSAT operations
staff will be best equipped to make the
appropriate option selections, which could
be implemented either by a local
telecommand uplink or by a centralised
Control Centre. In the case of in-Theatre
jamming attacks, the former is likely to
provide a far more successful ECCM
response than the latter, provided it can
counter any enemy jamming of the
telecommand uplink.

The final stage of the TACSAT support
will be disposal of the spacecraft, either
into a higher parking orbit or a burn-up
during re-entry. Once the in-Theatre




authorities have confirmed that TACSAT
support is no longer required, they need
have no further involvement in the
manoeuvre sequence. At this stage
execution and monitoring of the
TACSAT disposal could be turned over
to a central Control Centre.

Data Collection

Modern spaceborne imagers produce very
wide bandwidth data rates which quickly
saturate available spaceborne storage
devices. Hence direct-to-Theatre
downlinking is very attractive for small
TACSAT missions where data timeliness
is of the essence. These downlinks must,
for obvious reasons, be encrypted.
Because of the very high burst rates,
spread spectrum downlink jamming
protection is not practicable; the only
feasible protection methods are Downlink
User Terminal (DUT) location and
minimisation of DUT antenna sidelobes.
Some on-board storage buffers would
allow greater flexibility in the deployment,
and reduce the numbers, of in-Theatre
DUTs. These DUTs must be connected
by telecommunications links of various
kinds to End Users. On-board
preprocessing can be used to reduce the
downlink bandwidth and reduce the
complexity of the in-Theatre image
processing functions. However, some
on-ground processing, including fusion
with other data sets, will be an essential
element of the image assessment chain.

In the reverse direction, the flow of
information from the End Users for target
selection must converge on at least one
Telecommand Uplink facility. Instrument
settling times dictate that, for efficient use
during each perigee, these telecommands
must be uplinked out-of-Theatre during
apogee.

Simulation

From the above discussion it is clear that
deployment of a TACSAT system is a
complex wundertaking requiring
well-trained operators and well-briefed
operations staff. Although the classic
military process of reducing complexity
down to the minimum number of
Standard Operating Procedures (SOPs)
will no doubt be applied, this must be
complemented by realistic training for all
specialist staff and the provision of
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adequate operations and planning tools.
Both must depend on comprehensive
mission simulations for the Launch
Preparation and TACSAT Operations
Phases.

Conclusion

Clasically, Tactical Commanders have
succeeded where they have made best use
of the time available before tactical
deployment and thoroughly prepared to
undertake the type of cperation to which
they were actually assigned. The great
advantage of TACSATS is that they are
very flexible so it is not necessary to detail
in advance the type of Tactical support
required beyond a broad characterisation.
However considerable expertise is
required to op=rate any Satellite system
and any TACSAT Mission is likely to fail
uniess an adequate control system is
created and worked up to a high state of
readiness before the Tactical situation
develops. An automated knowledge-
based system, including appropriate
simulation, will be essential to the success
of TACSAT support, which in turn is
itkely to be decisive on future tactical
battlefields.

STATEMENT OF RESPONSIBILTY

Any views expressed are those of the
author(s) and do not necessarily represent
those of HM Government.
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TACSAT-SPACECRAFT BUS CONCEPT AND DESIGN:
APPLICATION OF A MULTIMISSION BUS FOR TACSAT IN LEO

by

Georges Richard
Matra Marconi
Espaces Direction des Programmes Militaires
Z.1. du Palavs-Rue des Cosmonautes
31077 Toulouse

France

FROM A FEW LARGE SOPHISTICATED
SATELLITES ...

Before describing the way, a low carth orbit
multimission Bus for tactical application s
designed, it is convenicnt to analyse in some
details what is a tactical satellite as fur as such
satcllites are very often associated with the
notion of cheap small satellites.

For 30 vears the size, the mass, the complexity,
and the cost of the satcllites have been
increasing. Space programmes, especially in the
defence area, tend o use heavy and costly
satellites in a too small number ol specimens
compared with the needs of users. they have
then to continuously monitor priority contlicts
such as : budgetary conflicts to decide which
programme has priority,  operational use
conflicts when programming the missions of so
few spacccrafts.

In the today context of budgetary constraints,
raising again is the well known syndrome “onc
aireraft, one tank, one satellite as unique future
cquipment for defence”.

The spacecrafts number  limitation is  the
conscquence of an inflationist spiral which can
be described in three stages :

a - unit cost increases

b - thea for a given budget, number of
operational units decreases

¢ - a limited number of spacecrafts leads to
pusch for mission optimisation with :

- an inerease of in orbit life ime and reliability
requirements

- the nced to group several missions on the
same spaceeraft

- technical sophistication

- conservative approach including meticulous
development and complex veritications

- no risk approach. as the unit cost of each
satellite is such a high stake

Al these puints lead to unit cost increase and
bring back to stage a in the inflationist spiral.

«TQ CONSTELLATIONS OF NUMEROUS
CHEAP LIGHTSATS

To break this spiral, some cexperts suggest a
“Smart small cheap lightsats” concept. Their
main idea is to drastically decrease the unit cost
of the spacecraft in orbit, this cost including the
satellite recurring cost itself, the launch cost and
the ground segment and operations costs.

This concept is consistent with a  system
architecture using constellations of numerous
satellites of limited in orbit life time and low




reliability  performances,  both  of  these
characteristics should, in theory, reduce strongly
the recurring costs ol the spacecralls.

Such a concept is reinforced by advances in
technology in the ficlds of performances and
miniaturisation : these advances are made
possible by the research and development
programmes led by DARPA and SDIO,ihese
programmes are also  based on  high
technologies developped out of the spatial arca.
For example :

- digital computers
- mass memory

- ASIC with availability of dedicated algorithmes
for digital processing

- silicium and Ga As microclectronics facilitics
where heavy investments for civilian or military
airborne applications give new opportunities for
spacce applications such as : optical detectors,
radiofrequency MIMIC which are usuful 1o
design phase array antennas for communication
satellites  or  syathetic  aperture  radar
instruments.

-ele..

The potential advantages of such a "Smart small
cheap lightsats” concept arc very attractive for
the users, this is particulary true for tactical
applications in low earth orbit :

- repetitivity of the passes
- flexibility in the choice of the orbit pa- ameters

- share of risks of failure of cach spacecraft and
lower vulncrability of the overall system

- Nexibility in the way to use the system. In orbit
means are fitted with the level of crisis with a
continuum from str-tegic usc to tactical use

- dedicated satellite for a given mission

- satellite programing and use decentralized to
on the ficld thcater users

- ete... (list not exhaustive)

At this point we will not discuss if such a

concept is technically relevant in fulfiling the
requirements of a given set of missions.

However, with the payload beeing shared
between a large number of small satellites, we
can assume that the total in orbit mass of these
satellites to fulfil a mission would be obviously
larger than the total mass when the classical
approach using heavy satellites is followed
grouping different payloads or a single satellite
always saves mass.

As a consequence, a4 “Smart small cheap
lightsats” approach using satellites with an in
orbit life time 5 to 10 1imes shorter than in a
classical approach leads to place in orbit a total
mass more than ten times heavier than the total
mass necessary to fulfil the same mission on a
hig satellite.

For 4 mission on a given period of time Fig. 1
shows the cvolution of the launch cost  and
satellites costs with respect to the targetted in
orbit life ume for cach satellite of the
constellation.

For a constant launch unit cost, the total launch
cost (curve 1) 1s the inverse ratio of the in orbit
life tme.

The satellites total cost {curve 2} is consistent
with  the “Smart  small  cheap lightsats”
approach : when the in orhit life time decreases,
you save more money {rom the satellites unit
cost decrcase than vou loose {rom the increase
in the number of required satellites, the net
result is that the total cost decreases. (this
conclusion is less valid for a very long in orbit
life time and is no more valid for a very short
one).

With a launch unit cost of the same order of
magnitude than cach satellite unit cost (curves
in continuous linc) the overall cost (curve 3)
decreases when life in orbit increases. At
cvidence th: optimum is to improve the
reliability and the in orbit life time: 1t is the
present trend.

A "Smart small cheap lightsats” approach would




only become pertinent if very cheap launch costs
are proposed (curves in dotted line).

A coherent way to decrease the launch cosis is
to aim for a "Smart small cheap lightlauncher”
concept cutting down the launch cost for . Kgin
orbit by at least ten times.

Unfortunately the cost per Kg in orbit for
present or near term heavy launchers is very far
irom this goal, for small launchers of the
PEGASUS class with a cost per Kg 2 to 3 times
greater than the one of the ARIANE V/TITAN
class heavy launchers it becomes more and
more difficult to achicve.

| A WISER APPROACH ]

With the lack of emergence of very cheap
launchers, constellations of numerous cheap
lightsats with short in orbit lifc vime arc neither
for the short term nor for the medium term.

To open the way to new missions -especially
the lactical arca - the only driving force of
interest is, for a given mission, a moderate
overall cost. consistent with the performances
offcred for a sct of sufficicntly high priority
objectives.

In other words. the
techi ological breakihrough in performance and

miniaturisation will be used in two wavs (o :

today  ruising  of

1 - enhance again the present performances of
large satellites which will remain heavy and
sophisticated. This is typically the case in the
reconnaissance ficld  where
continously more : tringent requirements.

users  put

2 - apen the door to new missions, able to satisfy
ceonomically new needs through the use of
spatial means. New missions types will be
offered while reducing the mass, the size and
the overall cost of satellite in orbit. This appears
especially pertinent for tactical missions,

lCONSEQUENCES FOR THE BUS DESIGN B

1

Due to the reduced number of satellites for a
given reduction  of  the
spacecralt recurrent unit cost is no more the key
element to reduce the overall cost.The cost
reduction has o be more focussed on its non
rcccuring past than on the recurring one.

application,  the

As a consequence, mass production savings will
not be gained from only one mission, but will
have to be multimission
approach.

gained from

Assuming that the small satellites poteatial
applications are not aimed at replacing the
present hcavy and complex sutellites systems,
the overall performances required from  the
spacceraft BUS would be moderate. This is very
convenienl with o modular multimission BUS
concept based on :

- standard pavload interlaces

- wversized ressources for cach module (for case
the sake of a good stundardization)

- flexible accomodation of the different modules
on the BUS usllowing on request modules
addition

Fig. 2 shows the modular muliimission BUS
concept  designed  jointly . by MATRA
MARCONI SPACE und its north american
partner FAIRCHILD.

In order to reach some non recurrent cost mass
production savings through several applications |
it is possible to add to this modular approach a
new  development  plan concept based  on
concurrent engincering,

Fig 3 shows the of SYSTEMA

SYSTEMA is a concurrent cngineering satellite
design tool develog ped by MATRA MARCONI
SPACE. At the center o common data base
contains the configutation of the
satellite beeing  desigued. At the  periphery

logic

currcnt
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specific tools for each main areas of engincering
design are shown. They can be concurrently call
on demand by the different experts working in
parallel for trade off or validation on different
fields : electrical, thermal, mechanical , orbit
cnvironment, attitude and  orbit  control,
dynamic , propulsion, payload accomodation,
mission, satellite programmation, etc ...

Presenty, SYSTEMA is used primarily in the
first part of the development process (fig 4),
from phase A proposals, mission and satellite
layout trade-offs to the end of phase B with
detailed satcllite design optimisation and up to
proposals for a phase C activity.

If additional risks caused by eventual flaws or
bugs in numerical simulations are accepted -
these risks are assumed to be affordable for
small tactical satellites with not  very
sophisticated missions -, phase C validation by
means of such concurrent engincering only tools
would save not only the major portion of the
environmental tests costs (thermal, vacuum, sun,
vibrations) but also would reduce the schedule
induced costs.

Such an approach bhas demonstrated s
efficiency through the S80T programme (fig 3).
S80T is a microsatellite launched this summer
as a companion of TOPEX - POSEIDON
SPACECRAFT on ARIANE.  S80T has
beucfited from an intensive use of SYSTEMA
from the first stage of design to the delivery at

the launch site. A programme conducted 1n a
very short time {or a very competitive cost.

CONCLUSION

The approch presented above is far from a
revolution. It is only an evolution.

To be efficient such concurrent engincering
tools nced to be validated and calibrated by
reference to the data gathered during previous
development tests or during in orbit monitoring
of operational spacccrafts. In that scnse such an
approach capitalises the whele  experience
acquired by MATRA MARCONI SPACE
through previous or current low carth orbit
programmes : SPOT 1.23 - ERS 1 and 2.
HELIOS - SPOT 4 und Polar Platform.

The SYSTEMA use built-in flexibility gives the
opportunity to quickly update a current design
and thus allows to follow cvolutions of
technologies or accomodate a newly available
equipment,

SYSTEMA allows a short reaction time and a
quick accomodation on the satellite as soon as
cmerging requirements are formulated by the
users.

(Hlustrattons tor this Secuon appear immediately
after the French translauon.




DES GROS SATELLITES EN NOMBRE
LIMITE...

Avant d’aborder la fagon de concevoir une
plate-forme multimission pour des
applications tactiques en orbite basse, il est
utile d’analyser de plus prés la notion de
satellites tactiques qui est souvent associe
aujourd’hui 3 Pidée de petits satellites pas
chers.

Depuis 30 ans on constate que la taille, la
masse, la complexité et donc le colt des
satellites croissent. Les programmes spatiaux
et plus particuliérement dans le domaine de la
défense tendent 3 utiliser des satellites lourds
et colteux en nombre jugé nécessaircment
trop limite par des utilisateurs qui doivent
gérer en permanence des conflits de priorité :
conflits budgétaires pour décider quel
programme mener en priorité mais aussi
conflits de  priorité en  utilisation
opérationnelle pour programmer 'emploi des
moyens.

Dans le contexte actuel des compre sions
budgétaires on voit ainsi renaitre le syndrome
bien connu 1 AVION 1 CHAR 1
SATELLITE comme seule dotation a terme
pour la défense.

Cette limitation du nombre de satellites est la
conséquence d’une spirale inflationnistc que
I'on peut décrire en trois étapes :

a - augmentation du co(t unitaire

b - a budget constant diminution du nombre
d’exemplaires opérationnels

¢ - & faible nombre d’exemplaires optimisation
de la mission :

. recherche d'une grande durée de vie et d’'une
haute fiabilité

. regroupement de plusicurs missions sur une
scu! satellite

. complexification technique

. méthodes de développement conservatrices a
base de vérifications complexes ¢t minuticuses

refus de prendre des risques devant Penjeu
que représente le codt unitaire de chaque
sateltite

ce qui cntraine laugmentation du colt
unitaire ¢t nous ramene au pomnt “a "... cte

« AUX CONSTELLATIONS DE PETITS
SATELLITES BON MARCHE

Pour sortir de cette spirale certains proposent
une approche "Smart sr..\ cheap lightstats®
dont la caractéristique cssentielle est de
diminuer drastiquement le colt unitaire du
satellite en orbite, cc colt comprenant le coiit
récurrent du satellite, le cotit du lancement, le
coit du mainticn & postc par lc centre de
contrdle.

Cette approche est cohérente avec une
architecture  systéme  basée  sur  des
constellations de nombreux satellites dont la
durée de vie en orbite est limitée et dont la
fiabilité peut étre plus faible (droit 3 la
panne), ce qui en théorie permet de réduire
fortement les coiits récurrents des satellites.

Une telle approche se trouve confortée par les
avancées technologiques en performances et
miniaturisation qui alimentent aujourd’hui le
spatial au travers des programmes de
Recherche et Développement menés par la
DARPA ou la SDIO, mais également par
synergie avec la haute technologie développée
pour des applications autres que spatiales.

Citons :

- le domaine du calcul digital
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- les mémoires de masse

- les ASIC de traitements numériques avee la
disponibilité d’algorithmes spécialisés

- le domaine des fonderies silicium ou As Ga
ol des investissements trés lourds rentabilisés
par des applications civiles ou par Pavionique
militaire offrent au domaine spatial soit des
détecteurs  optiques  soit les MIMIC
nécessaires pour les antennes réseaux des
satellites de communication et les radars 2
ouverture synthétique

- etc..

Les avantages potentiels de cette approche
"Smart small cheap lightsats"sont alléchants
pour Tutilisateur, particuliérement dans le
domaine tactique sur des orbites basses 2
défilement :

- répétitivité des passages

- souplesse de choix des paramétres des
orbites

- répartition des risques unitaires de perte de
chaque satellite et donc moindre vulnérabilité

- souplesse d’emploi : on ajuste scs moyens en
orbite a Pétat de crise, ce qui permet un
passage continu de P'emploi stratégique 2
Femploi tactique

- spécialisation des satellites par mission

- décentralisation de la programmation et de
I'utilisation du satellite sur le terrain

- etc... cette liste n’étant pas exhaustive.

Sans discuter ici la pertinence technique de
cette  approche  pour  satisfaire les
performances des diverses missions, on peut
prédire que le fait de répartir la charge utile
sur un grand nombre de satellites fera que la
masse totale en orbite des satellites
opérationnels 3 un moment donné sera
certainement supérieure a celle de Vapproche
classique par gros satellite. On a toujours une
prime en masse pour le regroupement des
charges utiles.

Avec des durées de vie de S 3 10 fois plus
courtes il faudra donc s’attendre avec une
approche de type "Smart small cheap lightsats”

d lancer une masse globale plus de 10 fois
supéricure pour remplir une mission sur une
durée déterminée

Pour une mission de durée donnée, on a
représenté ( figure 1 -courbe 1) Pévolution en
fonction de la durée de vie de chaque satellite
du cobt de I'ensemble des lancements. La
courbe 2 présente également P'évolution du
colt de Pensemble des satellites (coits
récurrents).

A colll unitaire constant, le cout total des
lancements (courbe 1) est inversement
proportionnel 3 la durée de vie.

L’évolution du cout total des satellites (courbe
2) reflete Peffet escompté de Plapproche
"Smart small cheap lightsats” : quand la durée
de vie diminue, lc gain dc colt unitaire
compense largement l'augmentation du
nombre de satellites nécessaires ¢t le coit
global decroit (cet effet n’¢tant plus vrai pour
des durées de vie trés trés courte et
s'atténuant pour des durées de vie longues).

Pour des coits de lancement de Pordre de
grandeur des colts satellites (courbes en traits
pleins) fe coit total (courbe 3) décroit au fur
et & mesure que la durée de vie s’allonge.
L'optimum est 4 I'évidence d’amélio-er la
fiabilité et la durée de vie : c'est la tendance
actuelle.

Pour gque lapproche "Smart small cheap
lightsats" devienne efficace, il faudrait que les
coiits unitaires de lancement deviennent
beaucoup plus faibles (courbes en pointillé).

Porur réduire de fagon cohérente les coiits de
lancement il faudrait donc une approche
"Smart small cheap lightlaunchers” reduisant
au moins par 10 le colt du kilogramme lancé.

Malheureusement les cofits du kilogramme en
orbite pour les lanceurs actuels ou en projet
sont tres loin de cet objectif et on s’en éloigne
d’autant plus que P'on cherche A utiliser des
petits lanceurs de la classe PEGASUS qui




affichent um coiit au kilo de 2 a 3 fois
supérieur a celui des trés gros lanceurs dc la
classe ARIANE V ou TITAN.

UNE APPROCHE PLUS RAISONNABLE J

Faute de voir émerger des lanceurs a trés bas
codt, les constellations de nombreux petits
satellites pas chers A faible durée de vie ne
sont ni pour le court ni pour le moyen terme.

Le seul critére réellement dimentionnant pour
voir émerger de nouvelles missions et
particuliérement dans le domaine tactique
sera plus certainement d’avoir un coiit global
de possession raisonnable pour des
performances jugées suffisamment prioritaires

Dit encore autrement, les avancées
technologiques en performance et
miniaturisation que lon voit poindre

aujourd’hui poussent dans deux voies :

- Améliorer encore les performances actuelles
des gros satellites qui resteront lourds et
complexes. C'est typiquement le domaine ol
les besoins exprimés par les utilisateurs vont
toujours  croissant. Par exemmle la
reconnaissance.

- Ouvrir la voie vers de nouvelles missions
pour satisfaire économiquement de nouveaux
besoins au moyen de syst®mes spatiaux, en
offrant des performances nouvelles et en
réduisant la masse, la taille et donc le coiit de
possession en orbite d'un satellite. Ceci est
particuli¢rement  pertinent  pour  des
applications tactiques.

CONSEQUENCES SUR LA CONCEPTION
DES PLATES-FORMES

Compte tenu du nombre nécessaicment réduit
de satellites pour une application, la réduction
du coiit unitaire récurrent n'est plus 'élément
clef pour réduire le cott global. L'effort de

réduction des colts doit porter plus sur le non
récurrent que sur le récurrent.

En corollaire, l'effet de série n’étant plus
suffisant sur une seule mission, les réductions
de coit li€es aux effets d'échelle doivent
s’obteair en jouant sur 'aspect multimission.

Au plan des performances, dans la mesure ol
les applications envisagées sur petits satellites
n‘auront pas la prétention de remplacer les
systémes actuels utilisant des satellites lourds
et complexes, Penveloppe des performances
demandées a la plate-forme doit étre plus
modérée. Ceci  rend  particulizrement
pertinente une approche modulaire mettant en
ocuvre :

- des interfaces standards avec la charge utile

- une surabondance des ressources pour
chaque module autorisant une bonne
standardisation

- un aménagement souple favorisant P'ajout de
modules complémentaires, A la demande.

Cette approche modulaire est représentée
typiquement par les concepts de BUS
MULTIMISSION étudiés conjointement par
MATRA MARCONI SPACE et notre
partenaire nord américain FAIRCHILD
(figure 2).

Toujours dans le but de rechercher un effet
d’échelle entre plusieurs applications pour
réduire les colts non récurrents, il y a lieu
d’adjoindre & cette approche mu.ulaire une
nouvelle  conception du  plan de
développement basée sur une ingenierie
intégrée.

La figure 3 présente la logique de loutil
SYSTEMA utilisé 3 MATRA MARCONI
SPACE en ingenierie satellite.

Autour d'une base de donnée décrivant la
configuration courante du satellite étudié, un
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certain nombre d’outils spécifiques permettent
de mener les études d'ingenieric de fagon
intégrée dans les grands domaines classiques
dans la conception de satellites : analyses
électriques, thermiques, mécaniques
d’environnement en  orbite, contrdles
d'attitude et  dynamique,  propulsion,
implantation des charges utiles, analyse de
mission, programmation, etc...

Avjourd’hui, figure 4, ces types d’outils
d’ingenierie intégrée sont utilisés
principalement dans la premiére partie d'un
développement depuis la proposition, les trade
off mission, la phase A , les compromis
d’aménagement jusqu’d la phase B et les
optimisations fines de la configuration.

Pour réduire encore les coiits non récurrents,
et & condition d'admettre les risques
complémentaires d’imperfection d’une
simulation numérique - risques acceptables
pour des applications pas trop complexes de
petits satellites tactiques - la validation par
simulation de la configuration en utilisant
Poutil en phase C devrait permettre de réduire
encore trés fortement non seulement le cout
des essais globaux (vide-soleil, mécanique,
dynamique..) mais surtout les temps de
développement.

Cette approche a déja été testée avec succes
au travers de S80T (figure 5) microsatellite
lanc€ a P'été 92 en compagnon du satellite
TOPEX  POSEIDON par ARIANE.
L'utilisation intensive de SYSTEMA depuis la

phase de coaception jusqu’d la fin du
développement a permis de mener ce
programme 2 bon terme en trés peu de temps
et pour un colit trés attractif.

|  CONCLUSION |

L’approche présentée ici est loin d'étre une
révolution, ¢’est seulement une évolution .

Elle capitalise au travers des outils
d’ingenierie intégrée tout Pacquit des plates-
formes multimission développées par MMS au
travers des programmes SPOT ?, 2, 3, ERS 1
et 2, HELIOS - SPOT 4 et plate-forme
polaire.

Ces outils d’ingenierie intégrée ne prennent en
effet toute leur efficacité qu'a l'aune des
expériences acquises et des analyses menées
lors des développements ou aprés expertise
des comportements en vol.

Une telle approche, par sa souplesse de mise
en oeuvre auterise également une conception
ouverte A I'évolution technologique et 3 la
prise en compte rapide des nouveautés.

Elle permet de réagir au plus vite aux
nouveaux besoins (ou & leur adaptation
rapide) des qu’ils sont exprimés par les
utilisateurs.




1 - CONSTELLATION LAUNCHES COST
2 - CONSTELLATION SATELLITES COST
3 - GLOBAL COST

IN ORBIT LIFE TIME
FOR EACH SATELLITE OF
THE CONSTELLATION

GLOBAL COST OF THE CONSTELLATION FOR A MISSION
ON A GIVEN PERIOD OF TIME

FIGURE
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SPACECRAFT FEATURES

THRUSTER {6) PROPELLANT TANK (2]

NS

SUN SENSOR (4]

AFT DECK

MID DECK

SOLAR ARRAY

PANEL {14] \

1
\_ BUS MODULE (3]
SHELL

Class Il multimission spacecraft

CAPABILITY:
Mission life : 3 1o 4 years
Orbit altitudes : 200 - 1000 km
Payload available mass : up to 200 kg
Payload avoilable power : 100 W mean, 200 W peak
Battery capacity : 9 or 18 Ah
Voltage : 28 +/-4V
Affitude pointing accuracy : +/- 0.15 deg
Data storage on board : 5 Gigabits
Data transmission : 2 1o 8 Kbits/sec
Encryption : optional
SATELLITE BUDGETS:
Mass Power
Payload : 62 Kg 110 Watt
Platform : 180 Kg 60 Watt
Hydrazine : 8 Kg
{ 4 years mission |
Total : 250 Kg 170 Walt

RF ANTENNA (2

PAYLOAD MODULE

. EARTH SENSCOR

O bonen

@ Porver s HON Get

© Pover controf el o s

© Lohsensorvieo s

@ Teiememn cammand protessor
@ Toanmponcr

@ Vonenum wheel

O Dipsieser & thvbnd

The FAIRCHILD/MATRA MARCONI SPACE
spacecraft is a light weight, low-cost structure designed
to accomodate a wide range of scientific and
operational payloads . It provides a simple, efficient
power system with a super-NiCd battery and o
modular solar array that can be adapted to various
orbit geometries and paylood demands . The central
data processor unit includes an embedded solid-state
recorder and generous margin for growth . The
attitude determination and control system and the
propulsion system are both designed for flexibility
ond long life .
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SYSTEME DE NAVIGATION PAR SATELLITES A COUVERTURE EUROPEENNE

H. Baranger, J. Bouchard, T. Michal
Office National d'Etudes et de Recherches Aérospaltiales
B.P. 72
92 322 Chitillon Cedex
FRANCE

1. SOMMAIRE

L'objet de cette présentation est de proposer un syst¢me de
navigation fonctionnant suivant le méme principe que le
systtme GPS mais qui offrirait un service permanent en
Europe a l'aide d'un nombre limité de satellites.

La constellation présentée ici ne nécessite que 4 satellites
comprenant un géostationnaire et tois satellites sur des
orbites géosynchrones d'inclinaison et d'excentricité faibles.
Cette constellation permet de couvrir totalement I'Europe, le
Moyen Orient ct I'Afrique. En outre, I'utilisation de satellites
relativement simples est envisageable. En effet, tous les
satellites étant visibles en permanence depuis un méme
point du Globe, il est possible de laisser au soi l'horloge
ultra-stable qui fournit la référence de temps pour les
mesures de distance usager-satellite.

Cette constellation apparaissant comme promelteuse. une
analyse plus poussée est en cours afin de juger de Ia
faisabilité d'un tel systeme. En particulier. les problemes
posés par la mise et le maintien a poste d'une telle
constellation ont d'ores et déja été analysés. On présente ici
plusieurs solutions envisageables pour la mise a poste, avec
lancements uniques ou multiples, a partir d'orbites de
transfert standard ou non. Afin de fournir une premiére
évaluation du colt de maintien a poste, linfluence des
principales perturbations d'orbite sur le service fourni a €té
analysée. Quelques exemples de maitien & poste sont
également fournis.

2. INTRODUCTION

Les performances du systeme américain de navigation par
satellites GPS (Global Positioning System) sont désormais
bien connues et ses  applications  potentielles
particuli¢rement nombreuses tant dans le domaine civil que
militaire. Bien entendu, l'obtention de ces performances
(couverture mondiale quasi permanente} nécessite la mise
en oeuvre d'un nombre important de satellites complexes.

Il nous a donc paru intéressant d'examiner s'i est possible
de concevoir des systemes de navigation fonctionnant
suivant le méme principe que GPS, mais avec un nombre de
satellites beaucoup plus réduit. Le service offert ne
differerait de celui fourni par GPS que par 'étenduc de la
zone géographique couverte par ces systemes. Nous nous
sommes plus particuli¢rement intéressés 2 des constellations
offrant une couverture de {'Europe.

Les résultats d'une premiére étude ont montré qu'il est
possible d'assurer un service permanent de navigation sur la
majeure partic de FEurope, le bassin méditerranéen et
T'Afrique, avec unc constellation de 4 satellites, nombre
minimal requis pour une navigation de type GPS.

Les résultats présentés dans cette communication concernent
une premicre analyse de la faisabilité d'un tel systéme, et en
particulier la capacité a dépioyer ¢t mainteair en service la
constellati m de satellites utilisée.

Tout d'abord, nous rappellerons brievement le principe de
fonctionnement du systéme de navigation GPS. Puis nous
présenterons les  principales  caractéristiques de la
constellation a 4 satetlites retenue pour cette étude. Les deux
chapitres suivants sont consacrés respectivement a la mise a
poste et au maintien a poste de cette constellation.

3. FONCTIONNEMENT DU SYSTEME GPS

Le systeme américain de navigation par satellites GPS
{Global Positioning System) permet a tout usager. disposant
du récepteur adéquat, de déterminer presque instantanément
sa position, sa vitesse et l'heure locale. Ces calculs sont
effectués avec une précision inégalée jusqu'a présent par les
autres systemes de navigation. Le principe de navigation
utilisé, par triangulation géométrique redondante, impose a
tout usager du systéme d'étre en visibilité simultanée d'au
moins 4 satellites de la constellation. Dans sa version
complete. celle-ci est composée de 24 satellites évoluant sur
des orbites circulaires inclinées d'une période de 12 heures.

Rappelons brievement le principe de fonctionnement du
systeme. Chaque satellite de la constellation GPS émet en
permanence un signal vers la Terre. Ce signal codé contient
la date exacte de départ du signal. qui est déterminée par
une horloge atomigue embarquée, et des éphémérides qui
permettent de connaitre trés précisément la position et la
vitesse du satellite a cet instant. Ainsi un récepteur
approprié, doté d'une horloge. peut déterminer la distance
qui le sépare du satellite a partir de I'écart entre les dates de
départ et d’arrivée du signal. La vitesse radiale du sateliite
par rapport au récepteur peut également étre déterminée par
mesure de l'effet Doppler sur fe signal. En principe, avec
trois sateilites en visibilité sous un site minimal de $5°,
l'usager pourrait déterminer par triangulation sa position et
sa vitesse,

Un systéme de contrdle au sol permet de maiatenir une
excellente synchronisation des horloges de grande précision
des satellites. Par contre, I'horloge de I'usager est beaucoup
moins stable. En V'absence de recalages fréquents. le temps
qu'elle indique finit par différer notablement dv temps de
référence GPS. ce qui introduit une forte erreur dans la
détermination des distances usager-satellites: celles-ci
deviennent alors inexploitables.

L'erreur sur la distance est la méme pour tous les satellites
observés au méme instant. Elle peut donc étre estimée a
partir d'une mesure sur un satellite supplémentaire. Ainsi, si
un usager du systeme fait des mesures sur 4 satellites a un
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instant donné, il peut déterminer a la fois son biais d'horloge
(par rapport au temps (PS) ses trois coordonnées
géographiques. et éventuellement les trois composantes de
sa vitesse. Par 1a suite, il peut déterminer sa position ¢t sa
vitesse avec 3 satellites sculement pendant la courte période
durant laquelle son hiais d'horloge reste quasi constant.

En définitive. on considérera qu'un usager doit étre cn
visibilité simultande d'au moins 4 satellites pour pouvoir
calculer sa position et sa vitesse instartancées. C'est une
condition stricte qui assure une exploitation correcte des
signaux émis par les satellites, quelle que soit la qualit¢ de
I'horloge de l'usager.

Un usager est capable de déterminer sa position exacte s'il
connait la distance géométrique (méme biaisée) qui le
sépare de la position diffusée de chaque satellite. L.a mesure
de cette distance est entachée d'une erreur résultant des
imperfections du traitement du signal. de la propagation
atmosphérique et des éphémérides des satellites. Si les
erreurs de mesures pour les différents satellites utilisés sont
indépendantes ¢t de méme nivean, la précision de
localisation 3D, caractérisée par Pécart type de lerreur
d'estimation de la position, est é%ale au produit de {'écart
type des mesures et du PDOPUT (Position Dilution of
Precision). Le PDOP est une quantité sans dimension ne
dépendant que de la géométrie relative usager-satellites.

Le PDOP permet détudier la précision de localisation de
toute constellation de navigation du type GPS
indépendamment de la précision des mesures. Ainsi on
considere usuellement que le service de navigation est
assuré a un instant et en un point donnés si 4 satellites sont
visibles et si le PDOP, calculé en ce point. est inféricur a 6.

4. CONSTELLATION OPTIMALE A 4 SATELLITES
Dans une premiere étudel“), nous avons recherché des
constellations a faible nombre de satellites (cntre 4 ¢t V)
permettant d'assurer un service de navigation du type GPS
sur une région limitée de la Terre.

A nombre de satellites fixé, nous avons cherché 2 maximiser
I'aire de la portion de la surface terrestre a I'intérieur de
laquelle le PDOP est en permanence inférieur a 6. Ce critere
présente de trés nombreux maxima locaux, c'est pourguoi
nous avons utilisé une méthode doptimisation globale dont
le principe est une recherche aléatoire adaptive: Adaptive
Random Search (ARS). 1l s'agit d'une méthode initialement
proposée par Bekey et Masri en 1983,13141 Elte ne
nécessite que le seul calcul critére et non celui de son
gradient.

l.es parametres optimisés sont. pour chaque satellite, 5 des 6
parametres indépendants définissant son orbite: excentricité,
inclinaison. argument du périgée, ascension droite du noeud
ascendant et anomalie moyenne. En effet. nous avons choisi
pour demt grand axe celui de l'orbite géostationnaire (42
164 km). De la sorte, la zone survolée par chaque satellite
est enticrement cantonnée a l'intérieur d'une fraction de la
surface de la Terre. ce qui est particuligrement intéressant
pour chtenir un service de navigation régional. En
définitive, le nombre de parametres optimisés est compris
entre 20 et 45.

Parmi les constellations obtenues a Fissue de cette étude. il

en est une particulicrement intéressante qui permet de
réaliser une couverture permanente de PLurope et de
I'Afrique avec seulement 4 satelhites tvour figure 1), ce qu
est le pombre gunimal requis. Cette constellation  est
constituée d'un satellite géostationnaire et de trois satellites
situés sur des orbites géosynchrones inclinées (i=18,37) et
faiblement excenmques (e=0,19).

l.a couverture permanente de cetie constellation représenie
15% de la surface terrestre.

Les quatre satellites étant constamment visibles de twout
point de la zone couverte, ccla permet d'envisager un
systeme  de navigation sunplifié  utilisant une horloge

atomique au sol, les satellites étant alors munis d'un simple
répéteur.

1436°

360"

240"

Figure 1: Couverture nominale de la constellation
Indisponibilité journaliére {mn)

5. MISE A POSTE

La mise 2 poste d'un satellite est I'opération qui permet de le
placer sur son orbite de service a partir de la surface de la
Terre. Elle est généralement réalisée en deux étapes. surtout
dans le cas d'orbites élevées qui nous concerne dans cette
étude:

- un lanceur injecte le satellite sur une orhite intermeédiaire
qui differe de l'orbite finale souhaitée.

- le satellite effectue un transfert de l'orbite intermédiaire a
l'orbite finale au moyen d'un moteur qui lul est propre.

Dans lc cas d'une constellation de satellites, on peut utiliser
des lancements multiples afin de réduire le coit global de
l'opération: la premitre étape est faitc simultanément pour
deux satellites ou plus.

Le transfert d'un sateilite a partir de l'orbite intermédiaire a
toujours été déterminé dans cette étude de fagon a minimiser
la quantité d'ergols nécessaire a {'opération. a masse finaie




du satellite fixée. Aucune contrainte n'a €té prise en compte.
En particulier. la poussée du moteur est supposée librement
orientable.

Les manoeuvres ont été modélisées par des impulsians,
Dans ces conditions. la masse d'ergols m, consommée par
un transfert s exprime simplement par:

[ﬁ
vz
m, =mle " |

avec:
mg : masse finale du satellite: c'est la
massc 2 lissue du transfert. masse du
moteur comprise.,
AV: somme des variations de vitesse du
satellite impnmées par les diverses
umpulsions du transfert.
V, : vitesse d'éjection du moteur.
Minimiser ja quantit¢é d'ergols consommée est donc
équivalent a minimiser la somme des vanations de vitesse
AV. Ce dernier critére présente Fintérét d'étre indépendant
des performances du moteur (Vc) et de la masse du satellite.
C’est donc lui qui a effectivement été emplové.

Dans cette étude, chaque transfert est supposé réalisé au
moyen de 2 impulsions, ce qui est l¢ nombre minimal requis
pour un transfert quelconque (entre des orbites non
sécantes).

5.1 Mise a poste du satellite géostationnaire
On suppose que lc satellite géostationnaire sera mis a poste
par la procédure standard svivante:

- un lanceur ARIANE injecte le satellite sur une orbite GTO
(Geostationary Transter Orbit) dont les parametres orbitaux
sont approximativement les suivants:

Demi grand axc: 24372 km
Excentricité: 0.73
Inclinaison: }°
Argument du périgée: 180°

Ascension droite du noeud ascendant: non fixée
(elle est fonction de I'instant de lancer ent)

- le satellite est placé sur ['orbite finale au moyen dune
impulsion unique effcctuée a T'apogée de l'orbite GTQ. Tl
sagit de son seul point dintersection avec [lorbite
géostationnaire. Avec les valeurs fournies ci-dessus, le coiit
du transfert est:

AV = 1509 m/s

Pour une vitesse d'¢jection usuetle V.= 3000 mfs, le
transfert nécessite donc une quantité d'ergols égale a:

65% de 1a masse finale.
5.2 Mise a poste des autres satellites

En ce qui concerne la premiére étape de la wmise & poste.
quatre solutions ont €té envisagées:

1G-3

a) les sateilites sont injectés initialement sur une orbite GTO
(ses caracténstiques sont celles indiquées au paragraphe
précédent),

b} ils sont injectés sur une orbite dédiée a leur mise a poste:
il s'agit d'une orbite de parametres orbitaux identiques a
ceux dune GTO, a lexception de linclinaison. égale a
linclinaison de T'orbite finale,

¢} ils sont injectés sur une orbite dédiée a Jeur mise a poste;
les parametres de Uorbite sont déterminés de fagon a ce
yu'elie intersecte les 3 orbites finales: chague transfert est
réalisé ~u moyen d'une impulsion unique effectuée en l'un
de ces points.

d) ils sont jectes sur une orbite dédic€e a leur mise a poste.
dont les parametres sont totalement optimisés: plus
précisément. on optimise conjointement la trajectoire de
montée du lanceur et ies impulsions permettant de réaliser le
transfert.

Pour les deux premieres solutions. nous avons
ctudi€ deux procédures de mise a poste:

- chacun des 3 satellites est injecté séparément par un
lanceur propre.

Pour J'un des satellites. on détermine alors le transfert bi-
impulsionnel optimal yui permet de passer de lorbite
d'injection a l'orbite finale. En réalité. Porbite d'injection
n'est pas entierement définie: Vascension droite £y de son
noeud ascendant peut prendre nimporte quelle valeur selon
Vinstant de tir. La détermination du transfert optimal doit
lone Etre faite pour trites les valeurs de Qg comprises entre
0 et 2. On peut alors tracer la courbe d'évolution du coiit du
transfert en fonction de Qq. On en déduit la valeur cptimale
de Qg qui coirduit au transfert “optimum optimorum”.

Pour les deux autres satellites. les courbes se déduisent de la
précédente par un simple décalage en £2. Ce décalage est
¢gal a I'*cart angulaire qui existe entre e noeud ascendant
du premier satellite et celui du satellite considéré. En
particulier. le transfert ‘optimum optimorum” a le méme
colt pour les 3 satellites. Pour pouvoir [utiliser
effectivement, il suffit d'ajuster pour chague satellite la
valeur de Qg par le biais de I'instant de lancement.

- les 3 sateuctes sont injectés sunultanément au moyen
d'un lanceur unique.

Il n'existe alors qu'une seule orbite d'injection pour les 3
satellites. caractérisée par un Ly donne. Il n'est donc pas
possible d'utiliscr le transfert "optimum optimorum” pour
chacnn d'eux. La consommation d'ergols est par conséquent
toujours supérieure ou égale a celle du cas précédent. On
bénéficie par contre d'un colt de lancement inférieur.

Pour toute valeur de .}y on peut deduire de la courbe
obtenue dans le cas précédent le codt du transfert optumal
pour chacun des 3 satellites. Ces 3 colits permettent de
calculer un colt global pour les 3 transferis: nous avons
choisi le AV du transfert unique qui consommerait une
masse égale a la masse totale d'ergols des 3 transferts, pour
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placer sur orbite la méme masse finale (3 fois la masse d'un
satellite aprés mise a poste). La valeur de ce critére dépend
de la vitesse d'éjection des moteurs: nous avons choisi la
valeur V,=3000 m/s.

Pour les deux dernieres solutions, seul le
lancement simultané ues 3 satellites a ¢t¢ tudie.

5.2.1 Transferts depuis une GTO

La courbe de la figure 2 représente le coiit minimal (AV ) du
transfert bi-impulsionnel optimal depuis une orbite GTO. ¢n
fonction de l'ascension droite {2y du nocud ascendant de
celte orbite.

m/s ) . ;
3200. + L {
i
2800. — gﬂ
e
2400. / ~
; :
2000. - / -
\
\
1600. — \ -
1200. ; y ; ' .
0. 90 . 180. 270, 360 .
degre

Eigure 2: Colt du transfert d'un des satellites
en fonction de I'ascension droite du noeud
ascendant de I'orbite d'injection (GTO}

l.a courbe présente deux minima séparés de 1657 en £y Le
plus pelit est atteint pour 4=106", soit une valeur procie
de celle de l'ascension droite du nocud ascendant de orbite
finale (102.316%). Le coiit correspondant est de:

1484 m/s

1°%€ impuision © 15 m/s
2°M€ impulsion: 1469 m/s

Avec une vitesse d'éjection du moteur de 3000 m/s. la masse
dergols consommée scrait alors de 64% de la masse {inale
mise a poste. Ces résultats sont trés voisins de ceux du
transfert géostationnaire effectué dans les mémes conditions
(1509 m/s, 65%).

Pour pouvoir effectuer chaque transfert pour vn colt de
1484 m/s, il faut impérativement utiliser un lanceur pour
chaque satellite. L'instant du premier lancement n'a pas
d'imporcince pour la mise a poste. Var contre, les deux
lancements swivants doivent étre faits a une heure
particuliere de la journce (qui dépend de la date de I'année).

Si les 3 satellites sont injectés simultanément par un lanceur
unique. on €vite ces contraintes de temps délicates a
respecter. La figure 3 représente le colit des 3 transferts.
ainsi que le codt global. en fonction de I'ascension droite £2p
du nocud ascendant d'une GTO unique. Il apparait que le
cofit global est quasi constant, ¢t qu'il ne permet donc pas de
départager les solutions. Par contre, les colits individuels
varient  fortement. Une situation  particulierement

intéressante apparait pour 3 valeurs de £y 597, 179, 299",
C'est dans ces cas que le plus grand des 3 AV est minumal.
Les AV des 3 ransierts sont alors regroupés au maximum ct
valent:

2160 vs, 2160 nvs et 1990 m/s

Traduits en masse dergols consommee. les  resultats

deviennent respectivement:

105%. 105% et 94% de la masse finale d'un satelhte.
Ces chiffres sont suffisamment voising pour quon pulsse
envisager de dimensionner de la méme fagon le systeme
propulsif de chaque satellite.

mis
3200.
! '
2800. — -
]
2400 .
2000.
1600 .
1200. X } i i
0. S0. 180 . 270 . 360 .
degre

Figyre 3; Cout des 3 transierts et cout global
en fonction de I'ascension droite du nosud
ascendant de l'orbite d'injection (GTO)

La valeur de Qq dépend de Tinstant de tir du lanceur. On
pourrait done  penser qyue celui-ci doit étre  choisi
convenablement pour que les transferts puissent étre réalisés
dans les conditions particulierement intéressantes que I'on
vient de mentionner. En réalité, ce n'est pas le cas parce que
les valeurs absolues de lascension droite du noeud
ascendant des orbites finales n'ont pas d'importance: seules
leurs valeurs relatives sont fixées. Or ces valeurs relauves
sont respectées dans loutes les configurations représentées
sur {a figure 3. Donc dans le cas d'un lancement simultané
des 3 satellites, la réalisation des transferts n'impose donc
aucune contrainte sur finstant de tir.

5.2.2 Transferss depuis une GTO modifiée

Tous les résultats relatifs & ce cas sont visualisés sur la
figure 4. qui est 'analogue de la figure 3: le AV de chaque
transiort. ainst que le AV global, sont représentés en
fonction de l'ascension droite Qq du noeud ascendant de
{'orbite d’injection.

Dans le cas d’un lancement individuel de chaque satellite. le
transfert peut éwre moins coliteux que si Vorbite d'injection
est une GTO standard. La conrbe relative & chaque transfert
présente en effet un minimum unigue (au liew de 2
précédemment). dont le AV est:

1292 s

ce qui correspond a une masse d'ergois consommée de 54%
de 12 masse finale.




m/s
3200.

2800

2400 .

2000.

16Q0.

1200.

0. 90 . 180 . 270. 360.
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Eigure 4; Colt des 3 transferts et codt global
en fonction de 'ascension droite du noeud
ascendant de l'orbite d'injection
(GTO d'inclinaison modifiee)

Si par contre les 3 satellites sont injectés sur une méme
orbite a Fissue d'un lancement multiple, la situation est plus
défavorable que dans le cas d'une wnjection sur GTO. 1l
existe 3 solutions optimales. pour £ = 1087, 128" et 34%".
Les coits correspondants sont:

2797 mss, 2797 mv/s et 1315 nvs

Le 2V maximal est trés nettement supérieur a celui constaté
dan; le cas “une injection sur GTO (2797 m/s au licu de
2160 m/s). En outre. les rois AV ne sont pas du tout du
méme niveau.

En conclusion. linjection sur GTO modifiée nest
intéressante que dans le cas des lancement séparés. Ele
permet de fair une petite économie dergols (16%) par
rapport a une injection sur GTO standard. H reste a étudier
si une telle orbite est accessible a un fanceur Ariane. La
GTO standard est e¢n revanche une orbite dinjection bien
supéricure si les 3 satellites sont lancés ensemble.

5.2.3 Transferts mono-impulsionnels depuis wune orbite
d'injection commune

Nous avons recherché une orbite d'injection interceptant les
3 orbites finales. de fagon a pouvoir réaliser chaque transfert
au moyen d'une impulsion unique. On considere que les
satellites sont tous les 3 situés sur cette orbite apres
injection, ce qui suppose en pratique qu'ils ont é1é lancés
ensemble.

Un balayage exhausuf de toutes les orbites (circulaires ou
clliptiques) interceptant les 3 orbites finales a ¢1é effectué.
Pour chaque solution. nous avons calculé la semme des 3
AV des impulsions. En définitive, il est apparu que la
solution qui  minimise cette somme  est une orbite
¢quatoriale de demi grand axe:

42 755 kin
Il s’agit done d'une orbite vaisine de Porbite géostationnaire.
dont e demi grand axe est 42 164 km. Toutes les impulsions

sont égales et valent chacune:

1124 m/s
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Ln pratique, vn pourtait envisager dinjecter dans un premier
temps les 3 satetlites sur GTO standard, pungue Lorbite
optimale deatifiée est quasy geostationnage. Hs serarent
ensutte transtérés sur celle-ci ensemble ou wndividucliement.
pour un cout AV = 1530 m/s. Le colt global pour chague
satellite serant done de 2654 m/s, soit beaucoup plus que les
2160 m/s  nécessatres  pour  une  mie s poste b
impulstonnelle directe depuis une GTO. Une telle solutien
présenterant done peu dinteret.

5.2.4 Optimisation couplée de la trajectosre du lanceur el
des 3 transferts

Nous  disposans  d'un logrerel capable doptimiser
stmultanément la trajectore de montee d'un lfunceur donne.
plagant un ou plusieurs satellites sur orbite d'ingecuon, et les
transferts  bi-unpulsionnels  permettant de  placer  ces
satellites sur leur orbites finales!] Plusieurs crieres sont
susceptibles d'étre minumises. Pour cette ciude, nous avons
choisi la valeur maximale des AV des 3 transferts

Ce logiciel a €té utlisé pour optmiser {a nuse poste
compléte des 3 satelbites. dans hypothese ou on culise un
umque lanceur du type Anane 5. ure depus Kourou. Nous
avons constdéré que la masse finale des satellites en tin de
mise a poste est de 500 kg, ¢t que fa vitesse d'¢rection des
moteurs de transtert est de 3000 m/s.

[crhite dinjection identfide a Tissue de L opunusauon est
une orbite voisine de la GTO standard. Ele est caracténsee
par les parametres suivants:

Demi grand axe: 27 266 km
Excentneite: 0.7209
Inchnaison: 6,45
Argument du périgée. 17294

La figure 5 est Fanalogue des figures 3 et 4; ¢lle représente
le cott des 3 transferts, ainst que le coat global. ¢n fonction
de I'ascension droite Qg du nocud ascendant de cette orbite.

m/s
3200.

2800 — -
2400. ~\ /-

2000 .

{ ” !

1200. - ,, -
c. 90 . 180 . 270. 360.

degre

Figure 5; Cout des 3 transterts et colt global
en fonction de l'ascension dronte du nosud
ascendant de 'orbite d'injection (optimisae}

Comme pour la mise a poste a parur d'une injection sur

GTO. on constate que la solutton la plus interessante
correspond a 3 valeurs de £ Les AV correspondants sont:

2031 nvs, 2031 mvs et 1942 s
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C'est dans ce cas que la valeur maximale des 3 AV est la
plus petite. C'est dans ce cas également quils sont les plus
voisins les uns des autres. Ces résultats correspondent a des
masses d'ergols consommées valant respectivement:

97%. 97% et 91% de la masse finale d'un satellite.
Par rapport a une mise a poste utilisant une GTO standard,
on observe une réduction d'environ 8% de la masse d'ergols
maximale.

6. MAINTIEN A POSTE

L'analyse de performance qui a pennis de proposer la
constellation étudiée a é1é réalisée sans prendre en camnpte
les principales perturbations naturelles agissant sur les
satellites de la constellation. La prise en compte de ceiles-ca
est en effet inutile pour analyser la performance du systeme
sur une durée de 24 heures. Cependant, il est clair que le
service fourni par le systeme envisagé n'a d'intérét que si
celui-ci est disponible pendant une durée nominale
s'étendant sur plusieurs années. II convient de vérifier que la
constellation proposée est viable vis a vis de ce critere, et
yu'en particulier les perturbations subies par les satellies
composant la constellation n'imposent pas des manocuvres
de maintien a poste trop fréguentes ou trop coiteuses.

L'étude du maintien a poste a donc ¢été€ réalis€e en deux
temps: tout d'abord, les principales perturbations agissant
sur les satellites ont été simulées. et linfluence des
dégradations d'orbite sur la performance du systeme a ¢té
évaluée. Dans un deuxieme temps, pour un cycle de
correction d'orbite choisi au vu de l'analyse précédente, des
manoeuvres de maintien a poste ont €t¢ déterminées et le
coit global de mainticn a poste a été évalué.

Le satellite géostationnaire n'a pas €t¢ pris en compte pour
cette analyse pour les raisons suivantes: comme il a éié
indiqué en introduction, la charge utile de navigation
proprement dite sera d'un volume et d'une masse limitée. ce
qui autorise son adjonction sur un satellite géostationnaire
dévolu a une autre activité principale (télécommunication
par exemple). Dans ces conditions, le maintien 2 poste de ce
satellite sera fix€ par les exigences de positionnement fin du
satellite de télécommunication. Par ailleurs. si I'on envisage
d'utiliser un satellite géostationnaire purement dédié a la

mission de navigation, l'encombrement de  orbite
géostationnaire imposera a celui-ci une fenétre e
stationnement limitée. Le respect de  cetle  fenéire

nécessitera un maintien a poste d'un niveau comparable a
celui d'un satellite géostationnaire de télécomnunication,
soit environ 50 m/s/an en terme de vitesse caractéristigue.

6.1 Usure naturelle des orbites

Compte tenu de fa nature des orbites, les perturbations
principales qu'il convient de prendre en compte sont les
suivantes:

- dissymétries du potentiel gravitationnel terrestre,
- attraction gravitationnelle de la Lune et du Soleil.
- pression de radiation solaire directe.

Le potentiel terrestre a été modélisé en prenant en compte
les termes zonaux et tesséraux jusqu'a l'ordre et le degré 8.

Pour le calcul de la pression de radiation.  des
caractéristiques physiques retenues pour les satelhites sont
los suivantes:

. !
surface exposée: Im-
masse: 500 k«
coefficient thenmo-opugque global: 1.2

6.1.1 lniégration du mowvenent des satellites

L'anatyse de lusure des orhites sous Tinfluence des
perturbations naturelles a €té réalisée en uulisant un premuer
logiciel développé a VONERA yut permet une antégrauon
rapide ct fiable du mouvement orbital. Ce logiciel utihise le
formalisme des parametres centrés (ou parametres moyens}
qui permet de supprimer les perturbations a havte fréquence.
qui n'ont que pey d'influence sur I'évolution a long terme de
Vorbite. Cela autorise ainsi T'uuhsaton de grands pas
d'intégration (typiquement de Vordre de la penode orbitale,
so1t 24 heures ici). au licu de quelques munutes s1 Fon utihise
les éléments osculateurs de Porhite (éléments instantanes)
Cette technique permet done de realiser rapidement des
intégrations de longue durde.

Pour analyser Févolution de la pertormance du systeme sous
Uinfluence des  perturbations  naturelles. les  parametres
vrbitaux des trais satellites considerés sont ntegres avec le
logiciel précédemment décrit. Péniodiquement. on releve la
valeur de ces parametres econ les utilise pour détermuner la
nouvelle couverture du systeme apres perturbation d'orbite.
En praugue. les caleuls de couverture ont éie réalisés tous
les 7 jours et la durée globale d'analyse consecutive est de 6
mois. La date de départ de Fanalyse g oté fixée au | Japvier
1993, Cette date a une fluence directe sur le resultat
puisqu'elie fixe la posiuon relative de fa Terre et des autres
astres perturbateurs. Une analyse plus poussée devra done
étre réalisée, pour évaluer notamment influence de la date
de lancement.

6.1.2 Culcul de la couverture

Afin de pouvoir comparer correctement la couverture de la
constellation “perturhée” avec la couverture nominaie, il a
dté proceédé de la maniere suivante:

- Le comour de la zone de couverture nominale a
été modélisé approxunativement par un polygone
sphérigue. que l'on peut observer sur la figure 1.

- Un réseau de points situés a la surface de la
Terre a ¢t¢ défini a l'intéricur de ce polygone. Ces
points sont répartis sur des paralleles disposés tous
les 2° en latitude. Sur chaque parallele. les points
sont cqui-répartis en longitude et leur nombre est
choisi de telle fagon que la densité surfacique de
points  soit  approximativement  constante  sur
I'ensemble du résecau.

- L'analyse de couverturs est réalisée ¢n intégrant
la constellation sur 24 heures (période  de
recouvrement de la constcliation nominale) et en
testant toutes les 5 minutes la valeur du PDOP en
chaque point du réseau. On détermine awnst {e
pourcentage des points oi le service de navigation
est accessible en permanence sur la  durée
d'intégration. l.e service est dit accessible a un
instant donné si il y a au momns 4 satellites visibles




a cet instant, et si le PDOP est inféncur 3 6.
Compte tenu de la répartition des points du réseauw,
ce pourcentage est aussi le pourcentage de la
surface couverte. Il est exactement de 98.6% pour
la constellation nominale. La performance de la
constellation dégradée a toujours ¢té chiffrée au
moyen de cet indice.

6.1.3 Résultats de {'analyse

La figure 6 représente P'évolution du pourcentage de la
surface du polygone couverte par la constellauon ¢n
fonction du temps (exprimé en semaines).

%{surface)

i !
100.
75.
50
25.
0. - ; K
0. 6. 12, 18
semaine

Figure 6; Evolution naturelle du pourcentage de
couverture en fanction du temps

Cette figure montre que la couverture diminue fentement et
progressivement pendant 6 semaines. puis cette dimmution
s‘accélere pour aboutir & une disparition complete de la
couverture apres 4 mois environ.

L.a figure 7 représente la couverture de la constellation i cet
instant.

1436
360"
240"
1
Figure 7; Couverture de la constellation aprés 4 mois

Indisponibilité journaliers (mn)
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Plus aucune régon ne bénéficie d'un service permanent et
la zone  la plus  privilégide subit des  penodes
dindispomibihté journahiere pouvant atcindre 4 heures. ko
outre. les régions Buropéennes sont tres vile privées de
service 1 est done clair quun mamnticn a poste relativement
fréquent est nécessasre,

6.2 Stratégie ct coOt de maintien a poste

6.2.1 Fréquence de nunntien a poste

l.e premier parametre a chosir pour évaluer e cott de
maintien a poste est la fréquence des correcuons. Plusicurs
facteurs peuvent influer sur son choix:

- le miveau de dégradation tolérabie pour la zone de
couverture,
- la durée  dindispoubilitd du oservice: ey
manocuvres rendent tres certainement e svsteme
temporatrement  netilisable  (la précision  de
locahsation des satellites est alors trop faible pour
permelre uae navigation de qualiey,

le codt global du mamuen a poste: la fréquence
LiL‘& BANOCUVILS pL’Ul \L]HS une certaime  mesure
miluer sur ce cott en vy de non hnéante du miveau
des perturbations en foncuon du eops,

Pour cette premicre analyse. nous avons décidé de procéder
a un recalage des orbites des satellites toutes fes B semaines.
f.a figure ¥ permet de juger de la deégradavon de la
performance obtenue apres un tel delat sans recalage. On
peut constater que le service x'est essent.ellement dégradé au
Sud. et gue Thurape reste correctement couverte. Le choix
des 8 semaines semble constituer un bon compromis: une
durée plus  longue condust a une perte de couverture trop
unportante  sur tréquence  de
manocuvre  plos  ¢levée fortement  la
disponibilité du service,

alors quune

diminuerant

I'Europe.

rrerr e

— 360"
240"
1

Figure 8; Couverture de la constsllation
aprés 8 semaines
Indisponibilité journaliére (mn)




10-8

L'analyse du coit de maintien 3 poste doit €tre réalisée en
deux temps: tout d'abord. il convient d¢ déterminer quels
sont les paramétres qu'il est absolument nécessaire de
corniger: il est en effet possible que la sensibihité de certains
parametres sur le service soit suffisamment faible pour que
Ton puisse se permettre de ne pas les corriger sur toute la
durée du service. Ensuite, le colOt des corrections a réaliser
doit étre caleulé. Pour cela. le legiciel doptimisaton de
manocuvres bi-impulsionnelles. déja utilisé pour I'étude de
la mise a poste. a de nouveau €té mis en ceuvre.

6.2.2 Manoeuvres de maintien @ poste

Une étude exhaustive des possibilités de mamtien a poste Je
la constellation a ¢1é réalisée. cn testant successivement la
nécessité de comiger chacun des paramétres orbitaux.
Compte tenu de 1a volonté de réaliser des satellites simples
¢t peu colteux. les premiéres analyses ont eu pour but de
vérifier il était possible de se contenter de manocuvres
effectuées selon la vitesse du satellite. ou a la rigueur dans
le plan de l'orbite. Le but était d'éviter si possible des
manoeuvres de modification du plan de lorbite. qui sont
codteuses et qui imposent une plate-forme plus complexe
pour le satellite.

Ces tests ont matheureusement montré que cela n'est pas
possible. La figure 9 représente I'évolution de la couverture
di. systeme dans Ihypothese de corvections dans le plan de
l'orbite  seulement (correction du demi grand axe. Je
I'excentricité. de largument du périgée et de Fanomalie
vraic de l'orbite). On constate une perte progressive de la
couverture nominale: celle-ci n'est pas totalement récupérée
a lissue de chague manocuvre et la sitwation ne fuit
qu'empirer avec le temps.

%{surtace) _ . .
100. L : ——

94, ) ' J 1 -
4 AN
89 i l! i!‘ T
Coy

83, -— ‘ i i i
7g. - —
2. T : s i T i
0. 21.  42. 62. 83. 104.
semaine

Figure 9: Evolution du pourcentage de couverture

en fonction du temps.

Corrections dans le plan de [‘orbite.
Il savere donc nécessaire de réaliser également des
corrections du plan de l'orbite (inclinaison et ascension
droite du noeud ascendant). En ce qui corncerne ce dernier
parametre, les manoeuvres réalisées se contentent d'assurcr
que les 3 plans d'orbite conservent la disposition relative
quils avatent initialement. En effet, sous linfluence des
termes tessé€raux du potentiel gravitationnel terrestre ct sous
celle de Fattraction luni-solaire, la vitesse de rotation des
plans d'orbite differe suivant les satellites. En revanche. la
rotation d'ensemble des plans d'orbite, due esseaticllement a

laplatissement de fa Terre et qui atteint envuon 0.8° apres 8
semasnes. n'est bien entendu pas corrigée puisqud suffit de
modifier Iégerement le demt grand axe imnal des orbites
pour que 1a longitude des nocuds ascendants par rapport a la
Terre reste fixe. Des manoeuvres de ce type effectuces
toutes les 8 semaines permettent d'assurer une couverture
qui reste touygours supericure 3 Y0% de ta couverture initiale
pendant les 7 anndes de durde de vie envisagées pour le
systeme.

6.2.3 Cotit du maintien a poste

Comme on vient de le voir. le maintien 3 poste envisagé
nécessite de comiger la totalité des parametres orbitaux.
Néanmotns, la correction des nocuds ascendants ayant
uiquement pour but de mawtenir la disposition relative
initiale des plans d'orbite. 1l suffit de manoeuvrer deux
satellites sur les trois pour réaliser cette apération. L'identité
des satellites a manoeuvrer peut étre chosie de différentes
fagons. Pour cette premrere analyse, 2 scénanos de maintien
a paste onl €€ cnvisageés:

a) on permute régulicrement le satellite qui ne
ManOCuvre pas.

h} on manoeuvre les satelhtes gur permettent de
muniimiser la somme totale de vanaton angulaire 4
réaliser.

Pour tester chacune de ces options. Pensemble des logiciels
menlionnds Jusqu’a present a ¢té utthsg:

- intégration en éléments centrés des orbites de a
constellation.

- cafeul de ls performance avant et apres les
manocuvres de correction.

- caleul du codt muaimal  des
correction,  modélisées  par  des
impulsionnels.

manoeuvres e
transferts  hi-

Dans le calcul effectué. le colt des manocuvres de phasage
des satellites (affectant ['anomalie) a éié négligé. i est bien
connu qu’il est possible d'obtenir i¢ phasage désiré en
éatisant une Iégere modification du dems grand axe de
lorhite, plagant ainsi le satellite sur une orbite de dérive.
Une scconde manoeuvre, faite en sens inverse de la
premiere, permet de re-stabiliser le satellite une fois le
déphasage souhaité obtenu. Le coit de cette manoeuvre
dépend hien entendu de la durée tolérée pour P'obtention du
phasage. l.es premieres évaluations réalisces ont montré
qu'un délai de 24 heures permet de rendre le cobt du
phasage nodgligeable vis 3 vis du codt des autres
manocuvres. c'est pourquod ce coldt n'a pas €€ pris en
compte par la suite.

Apres avoir testé les deux scénarios de maintien a poste
¢voqués  précédemment, 1l s'avere logiquement que le
second est le plus €économique. De plus, cest celui qu
assure  la  meilleure répartiton des masses d'ergols
consommées par les trois satellites.

Le coit total du maintien a poste a été évalu¢ en réalisant
une simulation complete sur 7 ans. Les résultats obtenus
figurent dans le tableau de la figure 10.

On constate que le colt de maintien a poste savere
relativement  plus  élevé  que  celm  dun  satellite




géostationnaire (85 m/sfan  contre 50 pour un
géostationnaire). Ce coUt reste néanmoins (olérabie.
conviendra de vérifier s'il n'est pas possible. par un choix
adéquat de la position des nocuds ascendants initiaux. de
limiter {¢ niveau des perturbations différentielles affectant
les plans d'orbite et de réduire ainsi le codt global de
maintien 3 poste.

Sateilite l 2 3
Colt annuel 85 85 78
(m/s)
Coiit total 592 592 546
(m/s)
Masse totale d'ergois 22 2 20
(% masse finale)

Figure 10: Coit du maintien a poste sur 7 ans

7. CONCLUSION

Le but de 'étude présentée dans cet article érait de réaliser
une analyse de la faisabilité d'un systeme de navigation
fonctionnant suivant le principe du systeme GPS et assurant
une couverture permanente de 'Europe et de 'Afrique &
l'aide de 4 satellites seulement dont un géostationnaire.

Les paramétres orbitaux initiaux de cette constellation sont
issus d'une €tude antérieure!<! consacrée a la recherche de
constellations a faible nombre de satellites. La constellation
présentée  ici  présente  plusieurs  caractéristiques
intéressantes:

- trés faible nombre de satellites (4 satellites est le
minimum requis pour assurer un service de
navigation du type GPS),

- tous les satellites sont visibles en permanence de
la méme station de contrGle: il est ansi possible
utiliser les satellites comme de simples répéteurs
d’'un message de navigation €laboré au sol.

- orbites relativement “classiques”.

L'étude de faisabilité présentée ici s'est surtout attachée a
analyser les problemes posés par la mise et le maintien a
poste d'une telle constellation.

L'étude de la mise a poste a €té faite en considérant diverses
solutions:

- lancement individuel de chaque sateilite. ou lan-
cement couplé des 3 satellites non géostationnaires,

- injection préliminaire sur une orbite GTO standard
{Geostationary Transfer Orbit) délivrée par un lan-
ceur Ariane, ou injection sur une orbite dédiée a la
mise a poste de ces satellites de navigation.

Il est apparu que 'orbite GTO standard Ariane constitue un
tres bon choix pour lorbite d'injection, surtout si les 3
satellites non géostatinnnaires sont mis a poste a l'aide d'un
lanceur unique. Dans ce cas, le cout de chaque transfert ne
dépasse pas 2160 m/s en vitesse caractéristique. Il est
cependant beaucoup plus élevé que cclui d'un satellite
géostationnaire (1500 m/s). L'orbite d'injection qui permet
de minimiser la consommation d'ergols des transferts de
mise 2 poste finalte differe peu de la GTO; elle conduit a une
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¢conomie modeste (8% en masse).

Dans le cas oo les satellites sont amjectés sur GTO
individuellement, le cot du transtert est tres vousin de celus
d'un satellite géostionnawe. Une telle procédure de mise a
poste ¢st cependant délicate car elie umpose T'heure de ur
des deux dernters satellites lancés.

L'étude du maintien a poste a nccessité dans un premier
temps d'analyser Pévolution de la couverture du service de
navigation sous linfluence des penwurbations naturelles.
Cette analyse a permis de montrer quus maintien a poste
relativement  fréquent s'impose (toutes le 8 scmaines
environ) pour assurer !z permanence d'une couverture
convenable.

Le colt des manocuvres de maintien a poste nécessatre a
ensuite €té évalué sur la base d'une durée de vie des
satellites de 7 ans. Cette premiere analyse semble indiquer
que le colit annuel des manoeuvres s'éleve a environ 85 mJs
(contre 50 m/s pour un satellite géostationnaire).

Pour parachever lanalyse de mission dun tel systeme, il
conviendra désormais de vérifier s'il est possible de localiser
de tels satellites avec une précision suffisante pour fournir
une précision de navigation acceptable.
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Discussion

Question: Please provide the definition of TACSAT
as intended in the paper presentation.

Reply: TACSAT is understood to be a theater satellite,
that is to say, a system available where you want

and when you want. This leads to consequences not
only on the space platform but also on the ground
support eguipment.
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This paper is divided in three parts corresponding to the
fotlowing items:

- air command and control functions and defficiencies,

- contribution of TACSATS to air command and
control,

- operational improvements due to TACSATS.

1. AIR COMMAND AND CONTROL
FUNCTIONS AND DEFFICIENCIES

Awv command and control functions are divided in four
themes:

- surveillance,

- resources management,
- air activity control,

- intelligence.

1.1 Surveillance

Surveillance includes the generation and dissemination
of the Recognized Air Picture (RAP). Three key issues
are linked to this function, the detection of low obser-
vables and low flying objects, the ballistic missiles
problem and the adverse satellites tracking.

a. ion of low rvable, low flyin j

The current solution to detect low flyers is 10 use the
contribution of radars on aircraft (AWACS). This type
of platform may maintain its position during about
cight hours, and you need four to five of them to
maintain a round the clock surveillance capability.

The detection of low abservables objects is solved by
developing a sensing net, using different frequency range
capability (visual, acoustic, infrared or electromagnetic)
and ditferent angle of presentation versus the possible
target. This leads to a costly multiplication of sensors
that must be in position on cvery possible penetration
comndor.

b. Ballistic migsiles

This new threat has to be included in the RAP. In order
to do so, we have 10 detect the missiles in flight as soon
as possible and track them during their flight.

A ground system like the PATRIOT has a limited
detection capability coherent with the interceptor
guidance.

A current satellite like DSP (Defence Support Program)
was designed to detect a long range ballistic missile
coming from a well known area. It has limited capa-
bility against a short range ballistic missile coming
from a country involved with missile proliferation.

¢. Adv

A theater commander has to know the locauon and
coverage of the adverse observation satellites.

Today this function is performed by the Air Force and
the satellites tracks are not included in the RAP, because
this information is considered as a basis for threat
evaluation or intelligence.

There is a requirement for the European countries 10 be
able to fulfill this function with independent means.

1.2 Resources management
Resources management is divided in three themes:

- force management,
- airspacc management,
- C2 resources management.

a. Force management

Force management includes the knowledge of our own
forces state, the planning and tasking of air operations.
The key issues about this function are the interfaces
with a multitude of other systems, the Air Task Order
(ATO) preparation and dissemination and the weather
forecasting.

In order to plan the air operations, a theater cornmander
has to gather a multitude of informations coming from
different systems like:

- the cnnemy Order Of Batde (ODB) generated by
intelligence system,

- his own forces state gencrated by Army, Navy and Air
Force systems...

This lcads to a requirement of connection with a
multitude of other systems and the correct interpretation
of the data collected by these systems.

Oncc this process has been performed, the Theater
commander has to elaborate and disseminate the ATO to
all the relevant units. These units are scattered on the
Theater and may be connected by National mcans or
Allied systems.

‘The planning function supposes for all the military
operations that you are able to forccast the ennemy
operations, your own operations and the weather. For
this purpose you need adequate informations on the
weather on the Theater and also outside the Theater.
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b. Auspace management

All the air operations use a common mean that must be
shared, it is the airspace. In order to do so you must be
able to collect all the requirements in airspace coming
from the different units (Air Space Request) and disse-
munate the Arrspace Coordination Order (ACO) 1o all
the relevant units.

This airspace planning is coordinated with the ATO
planning and distributed three to four times a day to the
units, this represent a hudge amount of messages spread
all over the Theater.

c. men
The air operations are performed using operators,
ground-air-ground coulmunication nets, consoles...

All these C2 resources must be allocated according 10
the current ATO corresponding 1o the Air Directives.
This supposes a hudge information exchange between
the diffcrent C2 entities. The process of these informa-
lions, and the planning of the best C2 rcsources
allocation according to the Air Directives.

1.3 Air activity control

Alr activity control is divided in two functions:
- air watfic control,

- dif MissIon control.

a. Air traffic control

Air traffic control supposes first a flight regulation, that
is 10 say an allocation of the corresponding airspace and
C2 resources to the traffic requests. This supposes the
collection of all the flight requests, the process of
allocation in coordination with the airspace management
function and the dissemination of the flight autorisa-
tions to the relevant units.

In additici,, wr 2ffc control s in charge of Scarch And
Rescue (SAR) operations, mainly based on the accurate
location of the friendly crews.

b. Air mission conrol

Once an air operation has been planned according 1o the
ATQ, this operation has to be controlled by air mission
controllers, this supposes a good coordination between
force management and air mission control function, that
is 10 say a hudge amount of information exchange.

There is also an issue linked with radioelectric propaga-
ton phenomena, it is control of low flying aircrafts.
This supposes a hudge amouat of antennae wide spread
along the theater to offer the communication means to
air mission controliers.

Once a mission has been performed, the mission report
must be prepared at the unit level and disseminated to
the relevant operation centers for intelligence gathering
and force manageniicnt planning function.

1.4 Intelligence

Intelligence function is in charge of ennemy ODB
assessment and forecasting and damage assessment. This
supposes the gathering of all types of information:
visual, electromagnetic ..., the fusion of these different
informations and the dissemination of the relevant
information lo operaling centers or unils spread all
along the Theater.

2. CONTRIBUTION OF TACSATS TO AIR
COMMAND AND CONTROL

2.1 Surveillance

For surveillance function, TACSATS may provide
queuing 1o the current sensor net by different means.
First ELINT or COMINT satellites may provide infor-
mauons on ennemy airbases activity and trigger the
AWACS take-off.

If these informations are not available, radars or electro-
optics satellites may provide ennemy raids carly detec-
tion in order to alert the Theater sensor net and activate
the relevant sensors.

For the special case of ballistic missiles, launchers
detection may be provided through radars or clectro-
optics satellites. Missile launch preparation may be
detected through the use of ELINT or COMINT
satellites picking-up the corresponding electromagnetic
signals. In last ressort, missile launch detection may be
detccled by infrared satellites picking-up the plumes of
the incoming missiles.

2.2 Resources management

For resource management, meteorological satellites may
provide the relevant information in order to process the
24 10 48 hours forccasting necessary for the planning of
ar operations.

Broadcasting TACSATS are a good mean to disseminate
the ATO message (force management) and the ACO
(airspace management) to ail the units widespread on the
Theater.

Ground-to-ground TACSATS are a good mean 1o solve
the operational requirements of:

- other systems database intefrogation (force manage-
ment),

- Airspace Control Means requirements diffusion (air-
space management),

- C2 assets availability (C2 resources management).

The technical involved consideration are the quantity of
information exchange and the widespread on the Theater
of the different units involved in these functions.

2.3 Air activity control

Navigation TACSATS (signal location tvpe) is the
most efficient solution for aircraft localization, which is
the major defficiency of search and rescue operations.




Ground-air-ground communication TACSATS is a good
mean to solve the operational requirement of close
control of low tlyers, that is mandatory to allow an
active control of low flying aircraft inciuded in air
mission control function.

Ground-to-ground communication TACSATS may
solve the operational requirements of:

- {flight pians dissemination (air traific control),

- immediate airspace control means availability (air
wratfic control),

- rapid reallocation of planned missions (air mission
control),

- rapid auack assessment (air mission control).

2.4 Intelligence

Ground-to-ground communication TACSATS arc a good
mean o solve the operational requircment of timely
diffusion of filtered information w the relevant unit or
operation centers in the Theater.

ELINT and COMINT TACSATS arc thc primary
sensors o provide the ennemy ODB for SAM, radars,
airbases, FLOT location and activity.

Radars or electro-optics TACSATS arc a compiemen-
tary platforms 1o solve the operational requircraents of:

- cnnemy ODB assessment,
- bomb damage assessment,
- air campaign results cvaluation.

3. OPERATIONAL IMPROVEMENTS
DUE TO TACSATS

3.1 Surveillance
TACSATS give the opportunity to impicment a global
extended air defence capability based on:

- acuve defence,
- passive defence,
- countertire.

Active defence is alerted through the alert function
derived from surveillance and threat cvaluation, queued
by the inflight missile track and controlled through the
interception area prediction. All these functions may be
performed by dedicated TACSATS which performances
are refined according to the Theater ballistic threat,
Passive dcfence is alerted through the surveillance
function and controlled through the impact area predic-
tion. This control is mandatory in order to implement
passive mcasur:s on limited area locations and dyring a
limited time related with the impact time prediction.
Counterfire is alerted through the surveillance function
and the weapon system queuing is performed through
the launch zone determination. The adequate launch zone
determination supposes dedicatcd TACSATS which
performances arc finely tuned according to the Theater
ballistic threat characteristics.

3.2 Force management

Furce management process is a complex and lenghtly
process going from “general objectives” to "Air Task”
and "Flight documentation” production.
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The process that leads from general objectives to the
ATO is performed in an operation center using modern
means like artificial intelligence and knowledged based
systems. Once the ATO has been claborated it must be
disseminated to the different units in the Theater. This
requires a hudge exchange of information between
operations centers and units. Communication
TACSATS is a good mean to perform this information
cxchange.

With the ATO, the pilots in the units are able to
perform the target attack preparation while the operation
officers in the operation centers may perform the global
mission preparation {deconfliction, {light routes ...).
Once the global mission preparation has been performed
the pilots in the units may process the detailed mission
preparaton and issuc the flight documents.

They are ready 1o take-off as soon as they receive the air
task from the operation center.

This short comment aboul force management shows
that by using adequate communication means and
adequate intelligent process, we may reduce the global
time rcquirced by the function. Communication
TACSATS may provide adequatc means (o reduce the
umeclines involved in this process and drive changes in
operational procedures.

3.3 Airspace management

The ACO is a complex message that defines the diffe-
rent areas in the airspace. This message includes air
routes, transit corridors, low level transit routes, weapon
free zones, air base defence zones, restricted operations
zones, high density airspace control zone ...

It is a lenghtly process (o ¢laborate this message and to
disseminate it to the relevant units. Today this message
is distributed every six to eight hours and valid for the
same period. The consequence is that the Army by
cxample has a dedicated airspace available for a six hours
period 1o perform its operations. This has been a
problem in the Gulf War where the French Army had a
radar on a helicopter (HORIZON) that could not be used
with its best performance because of the himited flight
altitude.

TACSATS could provide technical means that may
introduce new operational procedures like dynamic
allocation of the airspace.

4. CONCLUSION

This short analysis has shown that communication
TACSATS are needed to perform all the air mission
command and control functions.

Different types of communication TACSATS are
required:

- broadcasting,
- bidirectional,
- ground-to-ground,
- ground-to-air.

The development of TACSATS may change the current
military procedures (especially the timelines for ATO or
ACO).
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CONSIDERATIONS FOR NATO SATELLITE COMMUNICATIONS
IN THE POST-2000 ERA

A. Nejat Ince
Marmara Scientific and Industnal
Research Center
PO.Box 21
41470 Gebze-Kocaeli
Turkey

1.The National Detegates Board of AGARD, upon
recommendation by t:e Avionics Panel of AGARD, approved in
March 1986 the establishment of WG-13 to study satellite
communications for NATO under the direction of Prof Dr. Nejat
ince of Turkey.

2.Some 14 scientists/engineers, trom research and industrial
establishments of Canada, France, The Federai Republic of
Germany, Norway, Turkey, the United Kingdom, the United
States of America as well as from International Military Statf of
NATO and SHAPE Technical Centre, participated in the work of
WG-13.

3This paper 1s a pbrief summary
of the studies carried out by the group in the
period 1988-1990 on the type of satellite communication
systems which NATO can have in the post-2000 era including
the critical techniques and technologies that need to be
developed for this purpose.

4.In accordance with the Terms of Reference,the Group
considered. a time period beyond NATO IV and other national
systems now in the implementation or planning stage, which
would cover a time span of 20-30 years, i.e. 2000-2030. it was
recognized that the earfier part of this period would be
constrained by the existing and planned assets but the later
part would be, and should be, more technology-driven. The
following assumptions are made which take into account
perceived trends and desirable attributes for future SATCOM
systems:

i) The area of interest for NATO will remain as is to-day and
will include the polar region

ii) The use of SATCOM will be more pervasive particularly
for smalt mobile users (aircraft, land-mobile. ships and
submerged submarines) to support general purpase and
modern C3I structures.

ili) SATCOM will be integrated with the future ISDN networks
now being planned and implemented in the nations and
NATO. This may require SATCOM to have improved
effective performance with respect to such parameters as
delay and echo.

iv} The need for increased survivability against both physical
and jamming threat will continue.

v} The use of frequencies in the EHF and optical bands for
Qreater capability (e.g. AJ capability and communications
with submerged submarines} and smaller terminais are
foreseen.

vi) The future SATCOM systems will be required to be
cheaper and more atfordabie.

vii) There wiil be the usual need for interoperability.

5.The Group agreed that the above attributes could be taken as
inputs and goals for the system architectures to be developed
for a future NATO SATCOM. in fact, these attributes were
derived from the deficiencies of the present system which is
not flexible enough with respect to growth in capacity and
capability, and has a high degree of electranic and physical

vulnerabiity ang does not provide commumcatons for ine
polar regicn and submerged suybmannes The system
development in the past has been based on successive
discrete steps in  capabilily and spending and each
procurement has contained an important cost element of R&0
There has been a mimmum of joint national R&D and use of
the NATO system which resuited, among other things. in
considerablc interoperability problems

it was agreed that what was required for the coming decades
which may be characterizess by “uncentainty” and “shrinking
military budgets” was a very flexible, modular SATCOM systemn
whose communication capacity and resilience to ECM and
physical threat can be modified when operational requirements
change, however, without having to undenake excessive R&0
and total replacement of the space segment.

6.For the development of system architectures (o achieve
flexible and highly cost-effective SATCOM options for NATQ. 2
technical survey has been made and information collected on
the satellite system concepts being considered nationally
{Canada, France, FRG, UK and USA) and internationally (ESA.
inteisat, Euteisat, INMARSAT) for both civit and military
applications as well as on related technological R&D activities
and operational aspects regarding threat and environmental
factors such as propagation and the usage ol frequency
spectrum.

7.The status of the foliowing techniques/technologies and
concepts which appear feasible and exploitable by tuture
SATCOM systems and which are consequently being
investigated naiionally and internationaily have been descrnibed
in the report:

i) multi-beam/phased-array antennas with adaptive spatial
nuiling and multiple transmit spot beams,

ity ECCM techniques,

iii) flexible and programmable on-board signal processing
and switching technicues and devices.

iv) multi-frequency paytoads,

v) muiti-sateliite systems to create spatial uncenainty for the
enemy.

vi} use of tethers in space,

vii)laser and  millimetre-wave  communications  for

inter-satellite links,
vii) blue-green lasercom for submerged submarines,
ix}application of superconductivity, artificial inteligence.
neural networks, robotics and of space-borne
computers/software for signal processing and for manual

and autonomous control of spatial and terrestrial
resources,

x) power generation in space,
i) spaceacraft propulsion systems,
xii} launch vehicles and space transportations,

xiii} nuclear effects and hardening techniques,
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xiv)physical attack and pretective measures against diected
energy beams (lasers, particle, RF) and ASAT etc,

xv)sensitive, light, long-life matenals, components and
devices for sensing, power generanon. amplificahon and
control.

8 The speed of progress made in the above areas wii be
determined mainly by the wrgency of the need for, and the
amount of resources allocated to, them. These technologies
and new production methods coupled with basically
software-controlled processing transponders with a capabdity
to continuously adapt to changing requiremerts are expected
to lead to more flexible and retiable, lighter and less-power
consuming and aitogether more cost-effective sateilites than
the present ones. Moreover these satellites can be faunched by
a number of different launch vehicles. Further reduction in cost
may be obtained by shanng the sateitites (single an/or cluster)
between NATO and the Member Countries.

9.1t can be stated generally and with confidence that in the time
period in Question it will be possible to design and build any
satillite to meet aimost any requirement. Technology exists or
will be available for whatever communications performance
and tevel of hardening is required as wetl as launch vehicles
with capability to place the resuiting satellite of whatever
weight and power into any required orbit. The constraints wiil
he the availability of orbital slots, frequency spectrum and. of
course, funds.

10.The cost considerations have therefore been the driving factor
for the systems reported here. When assessing ditferent
concepts for sateilite designs and system architecture what is
importanat is not so much their absciute but rather thex
relative costs. Accordingly a cost model of the satellite system
has been established which takes into account:

frequency band used (SHF, EHF),
number of transponders,

- spacecraft reliability,

- N&D cost,

power required,

- weight,

- launch cost,

recurring cost,

system availability.

)

*

11.Several SATCOM systern architectures with the potential of
meeting possible future NATO requitements implied in the
paragraphs above have been defined using ditferent orbits
(geostationary, polar, 12-24-tr inclined at 63°.4 and Low Earth
Orbit LEQ) and a number of satellites with single and/or dual
frequency transponders (SHF and EHF) which can be
configured to meet any operational requirement. Table -1 lists
the architectures considered in the report and gives the
number of active spacecraft for full continuous coverage of the
NATO area including the polar region as well as the total
number of spacecraft needed for 7-years and 21-year periods
for a certain given spacacraft reliability. Architectures based on
the use of LEOQ and a combination of geostationary and
polar-orbit satellites were aliminated from further consideration
on cost grounds and the others were subjecied to more
detailed cost-performance analysis using the cost model
mentioned in paragraph 10 above.

12.Table -2 lists some twenty different promising architectures
(cases) for a future NATO SATCOM and gives the associated
R&D, recurring and total costs for different spacecraft reliabitity
and continuous service availability for 7 years.The common
attributes of these architectures are the following(see Fig. -1):

{a)i) The transponders have adaptive receive (with
steerable nulls) and multi-beam trar.smit antennas (1
earth cover, 1 Europe cover, 1 pclar spot and 2

i

el

{c)

steefalie $POIS)

A fiexible channeiization techmque s used on poard
the satellites at both SHF ana EHF Al EHF thus s
exploited in an on-boatd processing concept that
prevents the satetite downiink transmitter from being
loaded by the jammer ang aisc 1 prevent
unauthonzed access 1o the sateilite For texibie AJ
processing  and  ease of interoperatihty a  fuil
bandw:dth (2 GHz at EHF. 500 MHz at SHF) tiiter band
15 pravided using pernaps different fiiter technologies
to obtain diferent setectivities required (see Fig E. 1)
where the channelhzalion can be conucled by
telecommand to avoud interference. to  alter the
satellite capacity atiocated 1o varnous geographicat
areas and ta adapt the specitic requicermnents due 1o
restricions 10 the tunabiity of the NATO or natonal
ground segment. At EHF. where the flexible
channelization technique s coupled with on-board
processing for AJ purposes then switching between
high-selectivity fiiter bank outputs ({elernent filter
output} wili be performed at a high rate and controlied
by an on-board transec equipment which can be
programmable (in  orbit) to support several
simuituneous uplinks

The ground segment woufd congist of both SHE and
EHF terminals. The SHF terminals would be those
existing at the end of the NATO IV era and wouid be
used mainly 10 suppon common-user trunks Generat
transition rom SHF to EHF is foreseen to take place
over the period covered in the study to support marnly
mobile/transportable users many of which may have
demanding AJ and/or LP! requirement

The EHF ground segment:

iy bas preferably non-synchiomzed  {requency-
hopped (because ot ils better performance in
disturbed and  tme-variant  propagation
conditions and better suitability to smail
termminals than the direct sequence modulation
system) terminals operatng 1n FOMA with
flexible data rates and redetinable codes.

it consists of the simultaneous accesses (for
system companson purposes) gwen i Table
-3,

The systems

i} have the virtue of aliowing easy transition from
existing to future architectures,

it} Have minimum development.
taunch costs,

recurnng  and
iii) are upgradable and expandable on a scate to
meet operational requirements,

iv) defective and life-expired elements of the

system  are  replaceable  without —man
intervention,
v} spacecraft are capable of being refuelied

without man intervention,

vi

have virtually zero down-time at low o0st.
vil) make maximum use of orbital slot allocations,

vili) allow spatial distnbution of spacecraft to reduce
their vulnerability to jamming and physical attack




It shoutd be noted that the data ir Tables -2 (a) and
(b) are for a 7-year period. During the 21-year total
period, three stages of complete space segment
replacement are expected to occur, which would aliow
for an update for changes in traffic or other
requirements. For dual frequency  systems
development cost will be incurred at each stage.Single
frequency systems will not incur such costs since the
same designs of spacecraft would be used throughout
the 21-year period; only the mix of EHF and SHF types
would change. Provided military components are used
in the design of the spacecraft it should be posstbie to
maintain full availabiity over the 21-year interval.

13.An examination of the data shows that:

a)

b)

<)

d)

e)

For geostationary operations the cost of
interconnection of spacecraft is of the order of 3 % ,
and is not more than 4.5 % for the inclined orbits
(Tundra as the most expensive case}.Interconnection
provides significant improvernent in service availability
probability, ranging from 0.14 at the lower inherent
spacecraft probabilities to 0.04 at the high end.

increasing the space segment availability by the
amount given in (a) above without, however, using
Inter-Satellite Links ISL would require launching more
satellites and this would increase the system cost by
about 25 %.

Operation in inclined orbits costs about 50 % more
than the geostationary case for the same service
availability, but gives full NATO coverage including the
polar region,

The geostationary case 1 corresponds to the NATQO IV
satellite as far as coverage and the number of
satellites and reliability are concerned. 1t is interesting
to note, however, that the 7-year system cost of Case
1 and that of NATO (V (about 400$M} are aimost
identical even though Case 1 satellites have
considerably more capacity (in SHF and EHF) and
significantly greater resistance to jamming (on-board
signal processing in EHF and adaptive nulling
antennas).

The system cost changes significantly with the 7-year
service availability probability. How many satelittes
would be needed for a 21- year peried without having
excessive capacity would depend on this as well as on
what residual capacity would remain at the end of
each seven-year period and how the change in
requirements is introduced; abruptly at each 7-year
period or progressively during the 21-year period. In
the iatter case, some reduction in the total number of
satellites required and hence in total cost would be
expected.

14.The architectures which appear cost-effective and promising
are given in Tabie -4.

The following comments can be made about these
architectures:

a)

b)

An adequately wide range oef architectural options
are presented from which the architecture best suited
to the requirements, as they will be known nearer the
date of system implementation, can be selected.

Based on the assumptions made regarding possible
future NATO requirements, reliabilities of future
electronic systems and costs per kilogram of
Payloads, Spacecraft Platforms and Launches which
have been used consistently for all of the candidate
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architectures, it can be concluded that

1} Pronded NATO can accept the coverage
provided by a geostationary only system of
sateliites, Architecture A s the lowest cost
solution

i polar coverage obtained by leasing from the
USA, costs less than Cost (H-A} or Cost {I-A)
then Architectures A or 8 plus Polar leasing
would provide the next lowest cost options.
Option B gives improved availability and AJ
capability but at 33 % higher cost than the cost
of A.

iti} The lowest cost architecture which pravides tull
coverage is Architecture H at a cost increase of
50 % over geostationary only (Case B).

iv) For a further 5 % increase in cost, an
improvement from 0.95 to Q.98 in operational
availability and an enhanced AJ capability can
be obtained by using Architecture | This
architecture 15 probably the most cost-effective
option of those considered, to all of the
assumed tuture NATQ requirements.

15 1t is likely that cost will be the driving factor in determining the
hoice of a tuture SATCOM architecture and it is therefore
appropriate to consider the three dominant cost factors (R&D,
reptacement and faunch costs) angd indicate what steps could
be taken to bring about cost reduction in each case.

1) Economy in R&D costs could be obtained through
NATO/National collaboration and by adopting a
modular approach to system civersitication and
evolution. An effective way of achieving the ‘atter
would be t0 develop at the outset separate SH: and
EHF spacecraft and use them, in GEQ and TUNDRA
orbits alike, in a mix determined by the changing
requirements,

b) The use of smaller spacecraft, even though more of
them may be needed. could lead to lower system
costs because of the economies of scate. Such
economies of scaie would be further enhanced if the
same spacecraft types are used at all stages of system
avolution over a period of. say, twenty years. They will
also be enhanced if the same spacecraft types are
bought for nationai as well as NATO use.

¢} Launch costs can be minimized by reducing
spacecraft mass, in particular through the exploitation
of new technology. !t is also important to maximize
compatibility with the largest possible range of launch
vehicles.

d} Interconnection of spacecraft increases system
reliability and therefore tends to reduce the total
aumber of spacecratt that need to be taunched.

e) Finally, long-term pianning is the key to achieving
reductions in both R&D and recurring costs.

16.The NATO SATCOM systems so far acquired have been
based on national developments adapted to NATO
requirements and the continuity of service (not necessarily full
service } has been obtained by sharing or borrowing capacity
from national systems. The national systems, in turn, have
relied for continuity of service on the availability of capacity on
the NATO system. Each procurement has contained an
important element of R&D costs and since successive systems
have been developed almost independently of each other,
R&D costs have been, like the replacement cost, also recurring
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There has been a minimum of joint national R&D and use of
the system and each procurement has been preceded by
lengthy negociations on production sharing which has not, in
general, satisfied, at least, some of the member countries. As a
resuit of having independent NATO and national systems there
has been considerable interoperability problems.

it is believed that this trend, based on successive jumps in
spending and capabilty with a minimum degree of general
nationai participation should be and can be changed to meet
the needs of the coming decades which may be characterized
by uncertainly and shrinking military budgets requinng
affordable and tlexible systems.

The member countries have adequate experience within NATO
and Europe and know that under these circumstances it is
necessary to resort to joint R&D, procurement and use of the
system while easuring effectiveness and compettiveness for
keeping the costs down.

17 What needs to be done jointly are:

a) To define NATO and national requirements for satellite
communications.

b) To develope and agree on a system architecture.

¢) To delineate those technological areas which are
critical and require R&D.

d) To encourage and support companies and R&D
establishments to form research partnership for
development and production to be carried out in a
competitive manner.

it is believed that the architectures evaluated and
recommended in this report form a good foundation
for {b) above and ensure also that the satellite designs
outlined that are flexible need not change basically
over a period of some twenty years or fonger thus
keeping the R&D and recurring costs to a mimmum.

The report outlines also certain critical technologies for
(¢) above which need R&D. Some of these R&D topics

are commen 1o muitary and civihian salcoms: some
others which are specitic 10 military, are hkely 10 be
commaon to both national and NATQO systems ana yet
another category of topics will e NATO-specithc it
would therefore be necesarry to make a motre detailed
assessment of the R&D topics and determine where
R&D is a prerequisite and either can be relied upon
present/tuture civihan deveiopments or carned out
jomtly by membser nations

18.The following areas appear as tirst candidates for a3 NATO
R&D effort because they would provide solutions to problems
which are NATO-specific and can be made avadable within the
time-frame considered for NATO SATCOM systems

a) On-board tlexible ant-jam signal processing which
can be controiled by softwate 1o meet Al
fequirements generally and to adgapt 1¢ nahonai
modems and new modems introduced dunng the
htetime of the satetlite(s)

b} Adaptive nuiing AJ receve antennas tadored to NATO
needs and 10 keep costs down

¢} Autonomous control of the spacecralt and (&M
generally using techmiques of artificial intelhigence.
neural networks and ropoucs

8y sporing R&D activities. imited 10 payload technoiogy, in the
member nations even an modest scaie. NATO can expect o
get a better insight into and tc make an impact on current
technology deveiopments carnied out tor civilian and mulitary
purposes.

19.1t is believed that the collaborative approach outlined above
for SATCOM acquisttion 1n NATC give 1asks to all the existing
bodies in NATO such as NACISA. STC. ORG, IEPG. AGARD.
etc., and would probably not necessitate creating new
structures. Cost and benefit aniys:s carned out in the report
show that the architectures recommended can be
implemented in the manner suggested above and could lead
1o systems which are considerably cheaper and much more
effective than those we have had so far




a) Non-transparent sateliite with about 50 MH2 information bandwidth hopped across 2000 MHz. All terminais hop
in synchronism. There wili be as many dehoppers in the satellite as there are different nets with different codes.

Transec
Code(s)

l |

g* Down Link
Demod | # |Format
q |Digital
l P Sw:tih
14
Access
Controller

rEE::T‘

=

RX
Filter

Bank

—-Zp
v

A

IR

I‘lli

Fitter
Bank

{fine)

14-§

VOX

cOXMD

b) Transparent satellite (full bandwidth) allowing operation with non-synchronised frequency-hopped terminals.

Fig.

4 s

1.

1sel e
..LC——4M

101 0

H1 T g D

I’ 4 N

R
ACCESS & AJ
CONTROLLER

TX's

-1 Two promising AJ satellite designs with on-board processing and routing

TX

—-“Z >

=y




14-6

TABLE -1
Number of Satellites
Required for different SATCOM Architectures

Features No of Active S/C Comment No of S/C |Total No of
tor full continuous for 7 years | S/C for
Architecture Coverage 21 years
(a) Proliferated LEO 240 >240 >500
{¢) Inclined Elliptical Orbit
{¢1) LOOPUS 9 27 81
(c2) MOLNIYA 3Ix12-hrs 9 27
2x24-hrs 6 18
{c3) TUNDRA 2x24-hrs 6 18
(d) GEO 1 Baseline 3 9
(e) Systems of Satellites inimore than one Orbit
(el) GEQ + Polar 1 GEO + 6 Polar S$/C in GEO are 3 GEO 9 GEO
dual frequency single + +
in Polar orbit 18 Polar 54 Polar
(e2) GEO +24-hr MOLNIYA
(a) Dual freq S/C in 1 GEO GEO S/C have 3 GEO 9 GEO
GEQ +single in + 2 inclined EHF and SHF + +
Inclined Orbit Inclined EHF or SHF 6 inclined 18 inclined
(b) Single freq in 2 GEO GEO S/C are air 6 GEO 18 GEO
both orbits + 2 inclined of EHF and SHF + +
Inclined EHF or SHF 6 inclined | 18 inclined
(H CLOUDSAT Receive S/C Numbers will depend 60 GEO 180 GEO
with 10d8 ECCM 20 GEO. 20 Inc. on jamming threat 60 Inclined | 180 inclined
advantage X §/C:- at the time 6 GEO 18 GEO
relative to (e2)b 2 GEO+2 Inc 6 inclined | 18 inclined
(g) MEWS

The basic concept applies to all case {(c) thro' {f)




Table -2 (a) System Evaluation Data for Geostationary Operations ( 7 years)

Spacecraft Payload Avaflabiiity TotaiNo. | System Costs
Case Opersting ‘ .
No / Orbit Frequency EHF | SHF Connect S/C |ghmen| Spacecrat | R&D | Recur iLaunch| Total
1 2 Dual Y Y No o6t 085 2 242 22 6 ;400
2 2 Oual Y Y Yos 061 093 2 62 1 ar 3 428
3 3 Duat v v No 061 | 094 3 22 1 83 i s | 826
4 3 Dual Y Y Yes os' | 098 3 262 73 1+a 553
5 s Single ¥ Y No 972 | osr s 250 £ 2 a8
] 4 Single v v Yes o072 | o9 4 32t “06 38 23
? 6 Singte Y y ! No 972 | o9 5 290 1 92 28 15
—_—
8 6 Singte v v ves 572 323 Y N a3 - :
Table - 2(b) Evaluation Data for 24-Hour TUNDRA Qrbits { 7 years)
Spacecraft Payload Availability Total No. Systemn Costs
Case Operating | . .
No/Orbit | Frequency EHF SHF Connect S/C ss.;j""";m Spacecraft | R& D | Recur jLaunch| Total
i H i
1 2 ! Ouat Y Y No 061 a2 s 1 223 22¢ L 28 870
i ! H I
2 2 [ Oual Y Y Yes 081 0.86 4 238 | 236 1 30 508
i i B i
3 3 ; Dual Y Y No 061 288 5 Paza | o8 | e 780
i . ! i i
s 3 Dual v v vas 061 | ose 5 [ za8 | 393 | 195 | ez
i : i
5 s Single Y Y No 912 0.76 8 f 258 255 | 155 | 668
! ! i
6 a ! Single ¥ ¥ Yes o121 o 8 1 288 | 285 | 63 | "%
? 6 ’ Single % % Mo o ca3 o 1 258 125 233 316
5 | 8 i snge v ¥ Yos 972 | o7 12 I 288 | 415 | 208 | 1008
9 1 | Single % No 072 | 052 2 103 34 33 170
10 2 Single Y No 0.72 085 4 103 102 56 271
1 2 Single Y Yes 672 | 093 s 18 RTINS 305
H
12 3 Single % Yes 072 | ogo 6 118 196 | 104 218
! i




14-8

Tabie -3: The EHF Ground Segment Assumed for System Comparnson
Type of Antenna j1x Powers| Transmission ; Number ol simul-
Terminal Dia. (M} | ow Rate (Baud) taneous accesses
Ship - Borne 1.0 0.1 2400 - 9600 20
Arrcraft 0.5 0.1 2400 10
Submarine 025 01 100 - 2400 1

5.0 1.0 4 x 64000 (") 15
Land transportable

20 0s 4 x 2400 30
Man -~ pack 0.5 0.01 75 30

(*) 16 Kb/s codecs (adaplive sub-band coding) exist today with quality which eguals that of the 64 kb/s PCM it 15 expected that in the

timetrame considered in this report there will be 8 kb/s or even lower - rate codecs available for use in SATCOM with qualiies comparable

10 that of 64 kb/s PCM voice.

TABLE

-4

COST-RELIABILITY COMPARISON OF CANDIDATE ARCHITECTURES
FOR A SYSTEM LIFETIME OF 21 YEARS

Cases No Total No of No of Payload Orbit / Freq. Service Cost { 21-year) (SM)
Ar . operating Availability
T GEO spacecraft EHF SHF T | GEO R&D Recur. Launch Total
i
A ~ 1 2 2 2 _ 3} 8 3x242- 1 3x8Zx ¢ 3Ix76= 1200
08s 726 245 28 1
B . 4 . Ix262% § 3x173e 1 3xMBe | Lgeg
3 3 3 ) 098 it o 5s
H ; :
: Ax238= | 3236« 0 Ix130= | .
- 4 R
c 2 4 o a86 o e 00 2
- N 3x228+ « 3333~ 3 1G9S. 247
° ¢ & & 5 o 0% T4 virg se5 e
3 6 - 8 4 4 ES - 087 g8 11950t~ t2x40B- b ygp
1045 139 ¢
F 8 - 12 6 6 ES 097 88 1 ‘6'5 e 263
i H
G 12 a 9 9 3 € o oa7 (184786~ i 665+519= + 1134354 | ,oce
306 1 itea 867
H 12 7 2 ) 3 £ ES 995 2005 | cavcz ¢ Ers . 2488
| 12 8 12 a 3 £ | &s 798 32086 men 9 53 0 et
J 8 8 18 9 3 £s | €5 596 30086 | :sz82 BB 1 4048
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ADVANCED TECHNOLOGIES FOR LIGHTWEIGHT EHF TACTICAL
COMMUNICATIONS SATELLITES*

David R. McElroy, Dean P. Kolba, William L. Greenberg, and Marilyn D. Semprucci
Lincoln Laboratory, Massachusetts Institute of Technology
P.O. Box 73
Lexington, MA 02173-9108 - USA

1. ABSTRACT

The communications capabilities provided by EHF satel-
lites can range from low data rate services (75 to 2400 bps
per channel) to medium data rate links (4.8 kbps to 1.544
Mbps per link) depending on the payload configuration.
Through the use of EHF waveform standards, the EHF
payloads will be compatible with existing and planned
EHF terminals. Advanced technologies permit the devel-
opment of highly capable, lightweight payloads which can
be utilized in a variety of roles. The key payload technol-
ogies include adaptive uplink antennas; high speed, low
power digital signal processing subsystems; lightweight
frequency hopping synthesizers; and efficient solid-state
transmitters. The focus in this paper is on the signal
processing and frequency generation technologies and their
application in a lightweight EHF payload for tactical
applications.

2. INTRODUCTION

A motivating factor for the transition 1o EHF communica-
tions (i.e., 44 GHz uplinks and 20 GHz downlinks) is the
requirement for improved interference protection with
small mobile and transportable terminals for tactical and
strategic users. Emerging technologies allow EHF com-
munications systems, which can support both low data rate
(LDR) and medium data rate (MDR) services, to be imple-
mented in lightweight, low power configurations. Stan-
dard EHF payloads, utilize both advanced antenna systems
and on-board signal generation and processing techniques
to improve performance and protection. A payload which
utilizes these features for a theater coverage apptication is
described in this paper. The application of advanced
signal generation and processing technologies to this light-
weight payload result in a payload which can be incorpo-
rated into satellites of many sizes, ranging from large,
multiple function satellites to small, augmentation satellites
[14]. :

3. ANTENNA OPTIONS

Advanced antenna features for tactical applications can
include the ability to provide a variable coverage uplink
spot beam pattern, an autonomous nulling capability within
the uplink spot beam pattern, or both. Variable beamwidth
EHF antennas can be utilized in a variety of applications
as shown in Fig. 1. For payloads in elliptical orbits, a
variable beam width feature can be utilized to maintain an
essentiaily fixed coverage area independent of satellite
altitude [4]. In a geosynchronous orbit application, the
beam variability can be used to satisfy different coverage
and gain requirements such as in supporting tactical
theaters of varying size and capacity requirements. One
approach to obtaining the beam variability is by employing
multiple feeds in the antenna. These feeds are combined
with a variable power combiner network before going 10
the receiver. With 7 uplink feeds in the antenna, a 3-to-1

*This work was sponsored by the Department of the
Army, the Department of the Air Force, and the Defense
Advanced Research Projects Agency under Air Force
Contract F19628-90-C-0002.

variation in beamwidth can be achieved, while 19 uplink
feeds give a 5-to-1 vaniation. By incorporating both phase
and amplitude control in the bearnforming network and
including a processor, the variable beamwidth antenna can
also include autonomous nulling (S].

4. LIGHTWEIGHT SIGNAL GENERATORS

In order to provide effective interoperability, it is impor-
tant for all the EHF payloads to work with the same type
of user terminals. Standard EHF transmission formats and
dynamic access/configuration control are important fea-
tures in providing this interoperability. The standard EHF
waveform requires the dehopping and demodulation of
communications signals on-board the satellite. As shown
in Fig. 2, lightweight frequency hopping synthesizers can
be implemented using direct digital synthesis techniques
along with high-speed, hybridized bandwidth expansion
circuitry. These advanced frequency generators yield
almost an order of magnitude rcduction in weight over
frequency synthesizer subsystems of the early 1980’s while
also requiring significantly less than half the power.

The key design criteria for a payload frequency synthesizer
are a low power configuration which has the ability to
generate signals with low spurious frequency content while
meeting the frequency switching speed requirement. These
factors are key in selecting the bandwidth expansion
approach as shown in Fig. 3. A swilched filter bank
approach is a straightforward implementation. However,
filter size limits the number of frequencies (N) which can
be selected for mixing with the direct digital synthesizer
(DDS) output, thus impacting the amount of bandwidth
which must be generated by the DDS. This adversely
affects both the power and spur constraints by requiring a
higher power DDS and by generating larger spurs. The
alternative approach shown in Fig. 3 was selected for the
payload frequency synthesizer. This approach utilizes a
high speed phase-locked loop to generate the set of N
frequencies which are mixed with the DDS output to
expand the bandwidth. The wide bandwidth of the loop
allows N 10 be large, thus requiring a smaller DDS
bandwidth. The reduced NDDS bandwidth allows the use
of a low power, CMOS based DDS and resuits in lower
spur levels. The key technology challenges in implement-
ing the wide bandwidth loop are the high-speed counter
and the custom voliage controlled oscillator (VCO).

Some of the test results from a breadboard synthesizer
which utilizes the wide bandwidth loop for bandwidth
expansion are shown in Fig. 4. The breadboard synthesiz-
er meets the switching speed requirement by setiling to
within 7.5° of the final phase in a little over 0.8 psec.
The goal for spur levels is also met by the breadboard
synthesizer. A typical output spectrum is shown in Fig. 4.

S. HIGH-SPEED SIGNAL PROCESSORS

High-speed digital signal processing advances can be uti-
lized to provide lightweight, low-power demodulators and
signal processing subsystems capable of supporting many
LDR and MDR channels. In the carly 1980’s, the use of
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combined analog and digital processing technologics
provided the most efficient impiementation “or demodulat-
ing the LDR uplink waveform. As shown in Fig. 5, the
frequency demodulation was performed by a surface
acoustic wave (SAW) demodulator followed by a digital
communications and acquisition processor. Now however,
the progression of digital technology has advanced the
state-of-the-art to the point where an all digital approach
is more efficient. The development of application specific
ICs (ASICs) which process the standard EHF waveforms
will contribute significantly to the reduction in weight and
power required by these subsysiems. For further reduc-
tions in weight and power, the ASIC dcvices can be
integrated into multi-chip modules to achieve the benefits
associated with a wafer-scale level of integration as shown
in Fig. 5. In this comparison of an LDR signal processor
using multi-chip modules with an LDR signal processor
from the early 1980’s, an order of magnitude reduction in
weight is obtained while the power is decreased by more
than half for the same number of channels processed.

The digital Fast Fourier Transform (FFT) demodulator is
implemented with two ASIC designs shown in Fig. 6. The
sampled signals are first preprocessed before the actual
transform is performed. In this FFT preprocessor chip, the
signals are windowed, coherently integrated for adjustment
of frequency sample spacing, and stored in memory. The
heart of the demodulator is the in-place FFT chip shown
in Fig. 6. The data is stored in memory, the FFT butterfly
operations are performed, and after the transform iy
completed, the | and Q samples are converted to magni-
tude values for further processing by the uplink processor.
The FFT chip is designed for use with data or acquisition
channels and can perform a transform of up to 256 points.

The ASIC for the in-place FFT, shown in Fig. 7, has been
designed, fabricated, and tested. The FFT ASIC is
designed 10 meet the primary requirements for a space
application: radiation hardness, high performance, low
power consumption, and high reliability. A significant
design feature in this chip which enables high performance
in a low power configuration is the use of on-chip memory
(RAM and ROM) for the data being processed and for the
coefficients used in the FFT. The amount of memory
required is minimized by employing an innovative in-place
algorithm using dual port RAM.

The FFT chip, the preprocessor chip, and a communica-
tions uplink processor (CUP) ASIC can be configured into
a communications demodulator, which is capable of
processing up to 16 channels, as shown in Fig. 8. These
ASICs, along with the supporting chips (A/D converters,
CUP RAM, and mission ROM) can be packaged into a
multi-chip module which is about 2" x 3" in size.

For MDR channels, similar ASIC technology is expected
1o yield efficient implemeniations for these higher data rate
channels as well. A preliminary design for a four channel
MDR subsystem requires three individual ASIC designs.
Four demodulator chips are utilized in conjunction with a
clock generator chip and an MDR processor chip to form
the four channcl MDR subsystem. The designs for the
clock generator chip and the MDR processor chip ailow
cascading 10 support addittonai MDR demodulators for
payloads with more than four channels.

6. EXAMPLE EHF PAYLOAD FOR
GEOSYNCHRONOUS ORBITS

An example EHF payload, which utilizes a pair of vanable
beamwidith spot beam antennas and both LDR and MDR
signal processing, is shown in Fig. 9. For this cxample
payload, the uplink spot beam aniennas utilize 7 feeds
each and the downlink beams arc formed using 1 feed
cach. Both LDR and MDR channels are supported in the
spot bearns. In addition, the payload provides LDR carth
coverage service through a pair of earth coverage homs.
The LDR processor supports 16 communications channels
in each of the beams using the EHF common wransmission
format. The MDR processor provides a total of 4 chan-
nels of service in the spot beams with any mix between
the two beams.

The main considerations in selecting a spot becam size are
the required gain and the coverage arca provided by the
beam. The 1° 1o 3° spot beam size in this cxample pay-
load, along with the 6 W solid stale iransmitier, will
support 2.4 kbps service 1o a small tcrminal (2°/2W) while
in the wide bcam mode and will support 1 Mbps links to
a medium size terminal (4'/12W) while in the narrow
beam mode. The payload in Fig. 9 is estimated 1o weigh
about 200 1b and require about 290 W (these estimales in-
clude 20% margins).

The 6 W transmitter and the 20" spot beam antermas
provide sufficient EIRP to suppont both LDR and MDR
links in a variety of modes and data rates with the total
throughput for the payload depending on the mix of LDR
and MDR terminals in a scenano.  An example loading
scenario is shown in Fig. 10. For this example, three
types of terminals were assumed: a 6°, 25 W ground
termunal; a 47, 12 W transportable terminak: anda 2°, 2 W
portable tcrminal. The ground terminal is supported by the
carth coverage beam in the example, The portable and
transportable terminals arc supported in the spot beams.
One of the spot beams is set to a 3° beamwidth (about
1200 mile diameter coverage at the subsatellite point)
while the other spot beam is set to a 1° beamwidth (about
400 mile diameter coverage ai the subsatellite peint). In
this example, 27 LDR networks and 17 MDR links are
supported for a total payload throughput of 3277 kbps.

A range of payload capabilities can be implemented using
the variable beamwidth antennas, nulling processors, and
the other key technologies described briefly in Fig. 1 and
2. These technologies can be used to implement small
EHF payloads as in the examplc presented here. However,
the same technologies can also be used in secondary anti-
jam payloads or muitiple function ant-jam payloads on
large sateliites as shown in Fig. 11. In addition, many of
the same signal processing and frequency generation
technologies are applicable for improving EHF terminals
as well.

7. SUMMARY

A key feature for the flexibie use of the EHF payload is 1o
provide the ability to configure the payload to provide a
variety of services. Supporting cither LDR, MDR, or both
types of channels in a variable beamwidth antenna helps
provide this sort of flexibility to meet 2 broad range of
user requirements. Development of the critical technolo-
gies for use in these types of payloads has been initiated.
The technology areas include variable beamwidth antennas,
lightweight frequency synthesizers, and high speed signal
processors for both LDR and MDR channels.
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Figure 2. Frequency Synthesizer Reductions
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Figure 5. Lightweight LDR Signal Processor Implementation

JFFT | {IN-PLACE FFT CHIP
{ PREPROCESSOR; |
:CHIP Hi ]
5 — |
B ]
| ul |1
WINDOWER, | :: i T : T0 UL
FRAOM © | COHERENT —{ T va 70 R PROCESSOR
SAMPLER : INTEGRATOR| | iy DATA E MAGNITUDE ,...‘._,________.,
™ AND 3 MEMORY | I riex 1l R CONVERTER
BUFFER i = MULTIPLIER || F
MEMORY HE) L H ed
? ¥
COS/SIN
ROM

» DEMODULATION FOR BOTH COMMUNICATIONS AND ACQUISITION
* LIGHTWEIGHT IMPLEMENTATION
* ALLOWS UP TO 256-POINT TRANSFORM

Figure 6. Digital FFT Demodulator




L 8 R
Tie

[UER N

i
§

crEy M

Figure 7. FFT Application Specitic IC

RAM RAM
_ | comm | |
! AD PREPROC FFT
DOWNLINK
l— PROCESSOR
- cup
- RESOURCE
CONTROLLER
PREPROC MISSION
ROM

16 COMMUNICATION CHANNELS

Figure 8. Demodulator and Uplink Processor Muiti-Chip Module Contiguration

it-7




16-8

GEOSYNCHRONOUS ALTITUDE ORBIT
VARIABLE BEAMWIDTH

ANTENNAS
1.0-3.0 deg LOR 2.0 deg (HPBW)
uiL RCVR [ O/L SPOT BEAMS
SPOT BEAM —| PROCESSOR
j MDR
LOR| 48LDR
"O%PL“Q bl novm [ CHANNELS
SPOT BEAM ";R’ 6 W SSPA e
aMDR  |ppsk
CHANNELS (s
EARTH LDR
COVERAGE RCVR }—p
L EARTH
‘ COVERAGE
LDR MDR FSK DL
, ¥ ¥ y
FREQ. FREQ.
SYNTH. [+ |COMMAND, =% qynry.
CONTROL,
TRANSEC
PAYLOAD SIZING

EHFONLY -~2001b -290W

Figure 9. Example LDR/MDR Payload




16-9

EARTH COVERAGE BEAM
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SYNCHRONIZATION TECHNIQUES FOR MEDIUM DATA RATE EHF
MILSATCOM SYSTEMS
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SUMMARY

In the area of MILSATCOM, considerable effort is
currently being expended on the development of systems
operating in the EHF frequency bands and employing
onboard processing. Two of the principal advantages of
employing these features are that the MILSATCOM
sysiem will be capable of increased throughput and will
possess increased immunity to jamming and other channcl
impairments. Most of the previous research and
development in EHF MILSATCOM has concentrated on
Low Data Rate (LDR) waveforms, for data rates up to 2.4
kbps. In order to meet the requirements for increased
throughput, Medium Data Rate (MDR) waveforms are
being developed. These systems include data rates up to
and including T1. This paper examines the constraints that
communicating 3t MDR data rates places on
synchronization and provides an overview of some of the
various techniques and algorithms that can be employed
for both spatial and time acquicition as well as tracking.
Both channel and equipment impairments affecting
synchronization are examined. Robust open and closed
loop acquisition and tracking algorithms are examined in
conjunction with onboard processing techniques.
Performance is discussed in terms of SNR, acquisition
lime, probability of correct acquisition and probability of
false acquisition. Tradeoffs in a MILSATCOM system
design based on various user requirements are also
presented.

SYMBOLS

dB decibel

DL downlink

EHF Extremely High Frequency

E, hop energy

E, coded burst symbol energy
FOMA Frequency Division Multiple Access
GHz GigaHertz

GT Ground Terminal

kbps Kilobits per second

kHz KiloHentz

L diversity level

n number of downlink TDMA slots
ns nanoseconds

P(DL) probability of detection on DL

Po(UL) probability of detection on UL

Poemon demodulator BER

Porvs BER at ourput of diversity combiner
Prosx BER of DPSK modulation

Ppa(DL) probability of false alarm on DL

P (UL) probability of faise alarm on UL

P probability of overall synchronization
R, hop rate

R, coded burst symbol rate

TDMA Time Division Multiple Access
TOD Time of Day

T error in DL timing estimate

T, worst case group delay variation
Tons UL hop timing mismatch

Tu residual error in UL timing

UL uplink

1 INTRODUCTION

As is well known, utilizing the Extremely High Frequency
(EHF) band for Military Satellitc (MILSATCOM)
communications offers several advantages over more
conventional military satellite communications bands such
as X-band or UHF. The EHF frequency bands centered at
45 GHz on the uplink and 20 GHz on the downlink (DL)
allow the use of higher gain directed antenna beam
patterns, which provides greater immunity to potential
uplink jammers and allows a greater capacity on the
downlink [1]. This is due to the narower antenna
beamwidths that can be attained at EHF frequencies,
permitting the rejection of jammers either through nuli
beamsteering or sidelobe rejection. These features are
advantageous in a tactical scenario, in which satellite
communications coverage is desired for a small theatre of
operation. A second major feature that is desirable in a
MILSATCOM system is on-board processing at the
payload. This feature prevenis uplink (UL) channel
impairments such as fading or jamming from degrading
the satellite transponder and degrading the downlink as
well as the uplink. The majority of current research and
development of EHF MILSATCOM systems has been for
Low Data Rate systerns supporting user data rates from 75
bps up to and including 2.4 kbps. Such data rates may be
sufficient for limited voice or low capacity data
communications within a theatre of operation, however,
higher data rates supporting more robust voice
communications and a higher volume of data traffic would
be required for a theatre command center. For such




scenarios, MDR type data rates up to and including T1
would be required.

Synchronization is one of the key arcas of } aential
vulnerability in the design and operation of a
MILSATCOM system. In order to meet operational
requirements, an MDR EHF MILSATCOM system must
provide a synchronization capability that is at least as
robust as the communications capability it supports.
Synchronization consists of both acquisition and tracking
processes. These processes involve adjusting the critical
parameters of spatial pointing, frequency and timing, at the
ground terminal. It will be assumed that the payload is the
system reference with regard to frequency and timing, and
that the ground terminal must match its timing and
frequency to the DL received signals. Similarly it must
ensure that the UL signals arrive at the payload matched
in time and frequency to those of the payload. This paper
examines the system design considerations for
synchronization of EHF MDR systems utilizing Tactical
Satellites (TACSATS). The emphasis of the discussion
will be on performance capabilitics to meet theatre
command requirements.

The paper is organized as follows. Section II examines
some of the system characteristics and assumptions which
impact the design of the synchronization process. Sections
I, 1V, and V examine the design of spatial, time and
frequency synchronization algorithms, respectively. Section
V1 examines parameters and performance measures for an
overall synchronization algorithm. Section VII provides a
conclusion to the paper.

2 MDR EHF SYSTEM CHARACTERISTICS

2.1 Waveform and Operational Considerations

The assumed key waveform and operational characteristics
that are pertirent to the discussion in this paper are
outlined in Table I. These characteristics were considered
by the Canadian Department of National Defence for the
current MDR EHF MILSATCOM systen design [2]. As
discussed above, the uplink bandwidth is 2 GHz centered
about 44.5 GHz, whereas the downlink bandwidth is 1
GHz centered about 21 GHz. Frequency hopping is
employed to combat jamming, with the hopping rate being
on the order of kHz. A typical sysiem configuration is
illustrated in Figure 1, in which a ground terminal (GT) in
a given theatre of operation communicates with a GT in
the same or different theatre. A theatre of operation is
defined by the satelliie anterma beam patiern coverage.
The satellite antenna can either be a fixed or steerable spot
beam, or a multi-beam antenna that can be dynamically
stecred from one theatre to another on a hop to hop or
frame to frame basis. In order to accommodate muitiusers
and variable data rates, a hybrid FDMA/TDMA frame
structure is employed on the uplink as illustrated in Figure
2. Users are assigned capacity in terms of an access which
can be one or more nonconcurrent subframes in one or
more user channels. The downlink employs a single
channel TDMA structure. The modulation assumed for

Table I: MDR System Parameters

" Feature Specification
UL frequency 44.5 GHz
DL frequency 21 GHz
UL frequency 2 GHz

bandwidth
DL frequency 1 GHz
bandwidth
modulation DPSK
Hopping rate slow frequency hopping
Data Rates 32 kbps to T1
Processing functions - coding: block or
convolutional
- diversity

- interleaving
- time permutation

satellite orbits - arbitrary

payload antenna 2° - 5° beamwidth

26-34 dBi

payload amplifier 5 W SSPA
ground terminal antenna upto 1.8 m
ground terminal up 10 20 W

amplifier

Figure 1: System Configuration

purposes of this discussion is DPSK. No pulse shaping has
been assumed, although recent studies indicate thal tis
may be uscful for MDR applications (3]. M-ary FSK could
also be considered, however given that slow frequency
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hopping is assumed (i.e. the hop rate is less than the data
rate), a DPSK type modulation is more amenable to
attaining the MDR data rates.

2.2 Impairments

In order to combat various channel impairments such as
additive noise, fading, and scintillation as well as jamming
threats it is assumed that communication data processing
techniques such as FEC coding, interleaving, diversity and
time permutation of data hops are implemented in the
system. In addition to the above channel and ECM threais
the system must be capable of operating under system and
cquipment induced impairments such as doppler effects
due to the relative motion between the payload and the
GT, relative payload to GT clock drift, RF group delay
variation, and RF frequency response or the hop-to-hop
amplitude variation as a function of frequency. These
impainments are listed in Table IT along with the assumed
values for the purposes of discussion in this paper. The
doppler effect is negligible for gcostationary orbits,
however for non-geostationary, elliptical type orbits such
as Tundra or Molniya, the doppler effects can be as severe
as documented in Table [I. These orbits would be required
in a tactical theatre of operation at northem latitudes,
particularly in the Arctic.

2.3 Link Budget Requirements

For a TACSAT EHF system, it is assumed that a SW
SSPA is employed on the payload. Larger amplifiers
would require the use of a TWTA, which would impact on
the available size and weight of the payload. The antenna
is assumed to be a spot beam with a 5° beamwidth. For
this size of amplifier on the payload, typical receive C/N,
levels at the ground terminal will vary from 50 to 60 dB-
Hz for a geostationary orbit in clear sky conditions. It
should be noted that the link budget must also
accommodate rain fade margins on the UL and the DL.
Depending on the dcsired fade margin this could
potentially restnict the DL burst data rates under given
channel conditions.

2.4 Initial Acquisition Estimates
The complexity of the acquisition phase of the
synchronization process will depend significantly on the

Table 1I: MDR System Impairments

Impairment Magnitude
e ———— |
Additive Noise channel! dependent
Scintillation channel dependent
Doppler < *S0 kHz
Clock Drift 1x10°
Group Delay 40 ns
Variation
Frequency Response +/-3dB
Variation
Jamming channel dependent

magnitude of the errors in the initial GT estimates of
payload pointing, frequency and timing.

2.4.1 Timing Estimate

The error in the initial time estimate is determined by the
availability of an accurate time reference and the relative
rate of drift of the time standard maintained by the GT
with respect to the reference time standard in the payload.
With the availability of single boara GPS receivers, an
MDR terminal can easily maintain time accuracies on the
order of microseconds. If GPS or similar lime reference
systems are not available, the initial error in the estirnate
of the time error would likely be on the order of
milliseconds. Given the current level of technology, an
MDR terminal can easily accommodate a rubidium
standard. A typical value of relative drift rate for a
rubidium standard is 5 x 10" per day. The resulting error,
even after several days of uncalibrated use would still be
less than a microsecond. For purposes of discussion, an
initial timing error is S0 millisecconds is assumed.

2.4.2 Spatial Pointing Estimates

The accuracy of the initial spatial pointing estimate is
dependent on three principal parameters; namely, the error
in the GT's estimate of its own location, the initial timing
estimate, and the accuracy of the GT’s ephemeris
algorithm. The dependency on the time estimate results
from the fact that the GT's estimate of the satellite
position is an output of the ephemeris algorithm, which
employs the current time estimate as an input. If GPS is
available, both the initial time estimatz, as well as the
GT'’s position will be known to a high degree of accuracy.
Furthermore, if the MDR base station is fixed in a tactical
theatre of operation, the location of the GT will typically
be known to within 10's of meters, cither from survey or
navigational aids and an accurate time standard can be
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safely assumed. In either of the scenarios described above,
the only effective error will be due to the accuracy of the
ephemeris algorithm, A very conservative estimate is that
the error component in spatial pointing due to the
ephemeris algorittm will be known to within 0.1° in
which case spatial acquisition may not be necessary. If
GPS or similar time standards are not available and the
location of the GT is not precisely known, the contribution
of the spatial pointing error due to the error in the estimate
of the GT location will become significant. In a tactical
field scenario the GT location will typically be known to
much better than 10 km., resulting in a contribution to the
spatial pointing error of less than 0.1° Thus the total
pointing error should be less than 0.2°.

2.4.3 Frequency Estimates

The initial error in the frequency estimate will be due to
a combination of the accuracy of the ephemeris algorithm
in estimating motion induced doppler effects and the
relative frequency drift between the time standards of the
payload and the ground terminal. For the orbits referenced
in section 2.2, the worst case unresoived doppler error will
be on the order of 1 to 2 kHz. Again assuming the
presence of a rubidium standard in the GT, the frequency
error due to relative clock drift will be negligible for
purposes of .hese discussions.

3 SPATIAL ACQUISITION

To achieve spatial synchronization, the ground terminal
must be capable of acquiring and tracking the pointing of
the antenna typically to within an angle comresponding to
2 1.0 dB loss in gain. In an MDR system there are several
factors that will impact on the spatial synchronization
algorithm to be selected. If the initial spatial pointing
ervor is relatively large, such as on the order of one to lwo
3 dB beamwidths, spatial acquisition will likely have to
consist of two phases, a coarse spatial acquisition phase,
and 2 fine spatial acquisition phase. The coarse spatial
acquisition phase can consist of a stepped or continuous
search pattern, normally in steps of one 3 dB beamwidth,
out from the best initial estimate as provided by the
ephemeris algorithm.

Since in MDR the DL is capacity limited, it is desirable to
have an antenna with as high gain as practical. However
high gain antennas have narrower beamwidths, resulting in
larger attenuations for the same error in spatial pointing.
Typical UL and DL antenna beam characteristics for EHF
frequencies are given in Table [II as a function of antenna
“iameter. As discussed in section 2.4.2, the initial pointing
error for an MDR terminal is usually less than 0.1% in
which case a coarse spatial search stage is not required.
For example, it can be seen that for a 2.4 meter antenna,
that a pointing error of 0.1° corresponds to the 3 dB
beamwidth. For a tactical environment in which larger
initial pointing errors may be incurred, the antenna size
will typically be smaller, on the order of 1 meter. In such
a scenarnio the pointing error of 0.2° discussed in 2.4.2 will
fall within the 3 dB beamwidth. In such cases spatial

acquisition would only need to consist of the fine spatial
acquisition stage. The most common algorithm employed
is a conical scan tracking loop about & 1 dB coniour. Such
loops can rapidly acquire in AWGN in the order of
secorkds from initial pointing errors within the 3 dB
contour of the antenna. This is sufficient for most MDR
EHF antennas as discussed above.

Table IH: Typical EHF Antenna Characteristics

Antenna 1 dB Point | 3 dB Poimt
Diameter (degrees) {degrees)
0.14 DL 2.2 3.8
0.14 UL 10 1.78
1.0DL 03 0.53
1.0UL 0.14 0.24
1.8 DL 0.18 03
1.8 UL 0.09 0.18
24DL 0.13 0.21
24 UL 0.06 0.1

{f the iniiial pointing error exceeds the 3 dB contour of the
antenna, or if jamming or scintillation is present, it may be
necessary to employ a coarse acquis’‘on search. Spiral or
stepped searches may be cmployed, heiever there 1s an
additional consideration for an MDR terminal. If the
nointing error is outside the 3 dB region, it is poscible that
the spatial search may point 10 a sidelobe at the payload
In a high SNR cnvironment a detection may occur,
resulting in a false locking of the spatial pointing on a
sidelobe. One solution is to collect statistics frem all
possible search regions, however this impacts the
acquisition time. An altemate approach is to employ a
gimbal scan about 4 larger contour than that employed for
the conical scan. The processing would be identival. If the
contour of the gimbal scan is judiciously chosen with
respect to the overall search region, the gimbal scan will
always encompass the mainlobe of the antenna. Other
considerations include the increased sensitivity of the
conical scan (o pointing errors due to the higher slope of
the beamshape in high gain antennas, as well as the effects
of frequency flatness vanation on the stability of the
conical scan processing.

4 TIME ACQUISITION

4.1 Overview
Time acquisition is divided into two stages, namely, DL




and UL time acquisition. Due to the tactical requirement
that the MDR EHF system have a multiple access
capability, it is necessary for the payload to dynamically
assign data hops and theatres. Since a GT in a given
theatre does not have knowledge of which hops have
actual data until after acquisition has been completed, DL
synchronization is accomplished through the use of
specialized synchronization hops. These hops must occur
in known locations in the downlink datalink structure. DL
acquisition is achieved by detecting the presence of the
synchronization hops which are periodically transmitted to
cach theawre of operation. Since the detection of these hops
cannot take place unless the antenna is pointing at the
payload, the time acquisition process is performed
concurrently with the spatial acquisition procedure
described in section 3. As for spatial acquisition, the DL
acquisition process consists of a coarse and fine stage. The
coarse stage synchronizes the DL timing to within 1 DL
hop, providing the ground terminal knowledge of the
correct point in the frequency hopping sequence relative to
the GT time-of-day (TOD). A second fine stage of DL
time acquisition is required to attain the DL timing to
within a DPSK chip or symbol peried.

It should be noted that the use ol time permutation to
combat partial time jamming adds complexity and delay to
the acquisition process. The position of the permuted
synchronization hops must be calculated based on the
estimated TOD and the hopping pattemn. The additional
delay will be on the order of the period over which the
permutation takes place, for exampie a frame.

4.2 Coarse DL Time Acquisition

Since the DL is in 2 TDMA format, the SNR in a hop is
related 1o the required symbol SNR by the following
relationship

R -m, (1)

oz l.l'ﬂ

El
N, 0

in which E,/N, is the hop-energy-to-noise-spectral-density
ratio, E/N, is the coded-symbol-energy-to-noise-spectral-
density ratio, R, is coded symbol rate of a single channel,
n, is the number of downlink TDMA slots corresponding
to the number of uplink channels, and R, is the hop rate.
For data communications the specified value of E/N, is
fixed by the required bit error rate, and the hop rate is
typically fixed for a given system. Thus as the number of
uplink charmels and/or the channel data rate is increased,
the level of E/N, must be increased to maintain the same
level of E/N, Since MDR systems must support data rates
up to T1, the resulting E/N, is high. As an er mple
suppose a MDR systern has 8 channels, rate 1/2 coding, a
hop rate of 10 kHz and a T1 data rate. For a typical
required syitem error rate between 10 and 10%, the
required value of E/N, is roughly 7 dB. For the values
noted above, the resulting E/N, will exceed 40 dB.

Similar values can be obtained for a jamming environment.
Detection of the coarse DL synchronization hops can thus
easily be made based on energy measurements. The format
of the coarse synchronization hops need not be complex,
but should be selected to allow a high probability of
detection (Pp), and a low probability of false alarm (Pg,).
This is a common radar problem, and numerous
waveforms can be selected{4]. A simple example is a
modulated CW tone.

Fine DL time acquisition is necessary to obtain the DL
iiming to within a symbol period, as well as to recover the
symbol rate clock. The DL timing accuracy is affected by
the following factors; satellite motion induced doppler
effects, relative clock drift between the payload reference
clock and the GT clock, group delay variation introduced
by the channel or the equipment, and the timing jitter
introduced by the synchronization process itself. As
discussed in section 2.4.3, the unresolved doppler can be
up to 2 kHz, resulting in a timing variation on the order of
100 nsec/sec. Furthermore, the group delay variation can
be on the order of 40 nsec. Given the TDMA nature of the
MDR downilink, and data rates up 1o T1, the burst symbol
rate of the DL will typically be on the order of 10 MHz to
100 MHz, depending on the number of slots. In the
example given above the symbol period would be 40 nsec.
Fine timing on the DL can be achieved by sending fine
synchronization hops consisting of a unique word which
can be correlated at the GT. The number of fine
synchronization hops and the period between armmival of
fine synchronization hops is dictated by magnitude of the
timing error that accumulates between synchronization
hops. The number of DL synchronization hops must be
sufficient to allow for all theatres of operation to be
visited. The principal source of timing error that will be
removed by the fine synchronization hops is the
unresolved doppler error as well as clock drift error. Once
fine timing has been obtained on the DL. the GT must
track the DL liming. Doppler and clock drift must be
tracked in order that the DL and UL timing of the GT can
be adjusted to compensate for these effects. The timing
jitter induced by the synchronization algorithm is a
function of the complexity of the feedback loop design and
can be separately minimized.

4.3 DI. Time Tracking

In addition to tracking doppler and clock drift, each DL
data hop must be compensated for the effects of group
delay variation. At the MDR burst symbol rate, the group
delay variation from one hop to the next can be one or
more symbol periods as discussed in section 4.2. Thus
cach data hop must be resynchronized to the DL timing to
ensire that no data symbols are lost or that the symbol
timing of the received symbols is not misaligned. This can
be achieved by encoding a known preambile at the start of
each data hop. The GT will comelate the received
preamble against the transmitted preamble and align the
timing to within half a symbol period by detecting the
peak of the correlation process. The length of the unique
word selected for the correlation process is a function of
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the SNR that is required to obtain the desired P, and Py,
of each data hop. It should be noted that these values do
not have to be overly stringent, since in fact the
probability of synchronizing P is driven by the required
BER performance {5]. If the preambie in & given hop is
not properly correlated, on average half of the symbols in
the hop wiil be in error. Thus the probebility of error out
of the GT demodulator is given by the following
expression

Pogaw = Poosx Pyt 0S(1-PF;) @

in which Ppeyep is the probability of bit error at the output
of the demodulator, and Py« is the probability of bit error
of a DPSK modulated signal. If the demodulator is
followed by diversity combining, the value of P can be
poor, and yet still allow robust performance. For example
assuming a basic majority logic combining approach, in
which hops are diversified the BER at the output of the
diversity combination circuitry will be given by

L
Pﬂl’l. E(f)P‘m'(l -Pm)l-‘ &)
il

in which Ppyy is the probability of bit error at the output of
the diversity combination circuitry. Plots of Py versus
E4/N, are given in Figure 3. It can be seen that even with
a modest diversity of L = 11, that a BER of less than 0.02
can be obtained at low E/N, even for Pg values as poor as
0.7. This PER into a good FEC will give an overall BER
of less than 10°. In an operational system, other more
robust diversity combining techniques may be employed.

4.4 Unique Word Selection

The probability of false alarm in the detection of an
erroneous preambile is dictated by the size of the sidelobes
of the unique word. Unique words with ideal correlation
properties such as Barker type codes can only be found for
a few shorter length sequences, where ideal correlation of
a unique word of length M shall is defined as M for
perfect alignment and +/- 1 elsewhere. By shortening the
decision window of the unique word and considering only
sidelobes within the defined window, it is possible to
atiain a higher processing gain for the unique word. The
width of the window must be long enough however, o
aczommmndale any potential group delay variation and
accumulated clock drift.

4.5 UL Time Acquisition and Tracking

When the GT initiaily begins acquining, the total time
uncertainty is dominated by the efror in the estimate of the
range to the satellite and the error in the position of the
GT. Acquiring the DL timing resolves one of these
parameters. In order 10 resoive the second parameter, the

time at which the UL transmissions occur nmst be adjustesd
10 ensure that the data hops arrive at the payload within
the processing window for the UL hops. This iz best
achicved by a closed loop process in which specialized
synchronization probes are transmitted in known waveform
locations 10 the payload. The payload detects the position
of these hops relstive 10 the nominal locations and
transmits specialized responses to the GT that contain the
required adjustment of the GT UL timing in order to
ensure that the UL hops ransmined by the GT amrive at
the payload with the correct timing. As is the case for the
DL timing, the UL probes will contain unique words that
should be judiciously chosen to allow for an optimal value
of P,, and P,,, relative to the size of the search window for
UL timing.

After UL time synchronization has been achieved, the
accuracy of the UL hop period matching is constrained to

Toas $ 2 (2T + T, + Ty ) @

in which T, is the UL timing hop mismatch, Ty is the
error in the DL timing estimate, T, is the worst case group
delay vanation. and T,, is the residual error in the UL
timing from the previous UL time estimate. The residual
UL error Ty, is no worse than the accuracy provided by
the coarse or fine DL synchronization responses. For MDR
systems, T, Wwill exceed the period of a DL symbol,
requiring that the UL data hops have preambles with
unique words to permit hop-to-hop correlation of the
timing. The size of T,.. will dictaie the size of the
processing window in the payload and the size of guard
bands in the UL hops.

An additional consideration in the design of an UL timing
and tracking protocol is the placement of the probes in the
UL frame struciure. Probes can be assigned on either a
channel basis over the entire frame, or on 8 TDMA time
slot basis, spanning some or all of the available channels.
Both of these approaches have advantages and
disadvantages. UL probes assigned on a channel basis wili
provide more throughput to an assigned user; however, the
payload must possess separate front-end processing to
detect probes from one theatre of operation while it
processes data channels from a separate theatre of
operation. In contrast, if probes are assigned on a TDMA
time slot basis, the payload can detect probes from one
theatre while receiving data communications from another
theatre all within the same frame, with no additional
hardware. The disadvantage to this approach is that the
amount of probe capacity available to the GT is more
restricted than in the FDMA approach.

S FREQUENCY ACQUISITION
The principal degradation in system performance due to

frequency error will be due to the accuracy of the bit
timing in the DPSK demodulator of the MDR receiver. In




an MDR system, the coded symbol rate will be greater
than twice the T1 rate, or 3.2 MHz, for rate 1/2 FEC
coding. Based on a relative frequency error on the order of
1 to 2 kHz, the resulting normalized bit iming exror at the
receiver will be less than AfT = 0.001. The resulting
degradation in & DPSK modulator for this range of bit
timing error is negligible. Thus frequency acquisition and
tracking is not required for an MDR system.

6 SYSTEM SYNCHRONIZATION ALGORITHM

In a tactical environment it is paramount that the overall
synchronization time be kept to a minimum while
simultaneously providing capacity to synchronize many
users at once. This goal can be accomplished through a
combination of judicious design of the initial parameter
estimation capabilities of the GT, selection of a robust
synchronization algorithm and optimization of the
parameters of the synchronization algorithm affecting
synchronization time. The availability at the ground
terminal of accurate TOD information, and an accurate
cphemeris algorithm will greatly reduce the spaual-
temporal search region, allowing rapid acquisition
However the algorithm must be robust in the sense that if
accurate injtial estimates are not available, the GT will stll
acquire the payload. In addition to minimizing the
acquisition time, the algorithm must also simultaneously
minimize the probability of false synchronization.
Considering the DL and UL acquisition processes
scparately, the overall probability of correct
synchronization and false synchronization are given by

Py = P(DL) - P(UL) ()
and
Py, = Py, (DLyP(UL) + Py(DL)P,(UL) + 6)
P (DL)P, (UL

in which Py(DL), P,{UL), Py, (DL}, and P, (UL) are the
probabilities of detection and false alarm for the DL and
UL synchronization processes. Figure 4 illustrates a
simplified state diagram of the overall synchronization
process. The design of the synchronization algorithm
involves choosing the values of P(DL), P,(UL), P,,(DL),
and Pp,(UL) so as to minimize the acquisition time under
the desired lactical operating conditions.

For the overall probability of detection defined in equation
(5), the detection requirements can be equally partitioned
to the UL and the DL as a starting point in the design.
However, it may be desirable to have a higher P, on the
DL and a lower P, on the UL under certain operating
conditions. A DL receive only mode of operation is an
example of such a scenario. The DL detection process
itself is composed of the coarse and fine spatial and time
acquisition processes described in sections 4 and S above.
Thus P,(DL) can be partitioned into a function of the
values of P, and P,, for the individual coarse and fine
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synchronization processes. These values are a function of
the number of detected synchronization hops that
constitute an overall detection (i.c. a choose m out of n
detection criteria), the SNR at which they sre received,
and the channel conditions. Due to the spatial search
algorithm and the frequency flatness variation over the
hopping frequencies, the received casrier power itself will
vary with frequency and spatial pointing. The flatness
variation results in a uniformly distributed received signal
level with frequency, whereas spatially, the received signal
level is a function of the antenna beamshape and the size
of the spatial search region.

In equation {6), the first term can be neglected, since it is
extremely unlikely that the UL will successfully acquire if
the DL is not properly synchronized. The dominant term
in the overall process is the second term, which is the
probability of false synchronization of UL timing given the
DL is correctly acquired. The third term is smail in
comparison to the seccnd term if P, (DL) and P, (UL) are
reasonably chosen. It should be noted that even though the
first term is negligible, a large value of P, (DL) wiil
significantly impact the acquisition time, since the DL
acquisituon process will be dependent on the UL process
to detect false alarms, which is obviously a poor design.

In order to be robust i presence of jamming, the
coarse and fine sync detection processing will require a
verification stage. The verification stage in general will be
an m choose n type of decision, in which m of n expected
sync hops will have to be detecied in order for the given
stage of the detection process to be declared valid. It
should be noted that a high P, and low Py, for the system
does not necessarily imply a requirement for high a P, and
low P,, on individual coarse or fine DL sync hops. For
example, if the system requires rapid acquisition, then the
values of Py and Py, for the individual sync hops must be
close to the P, of the overail system, tc ensure that there
are few false detections, otherwise the synchronization
process will expend time verifying faise detections. This
would require m and n chosen to be large. Such an
implementation would limit the number of sync bops that
the systemn could support relative to its data capacity, or
limit the number of theatres that the payload could provide
synchronization hops to. On the other hand the overall P,
and Py, could be met by lower values of m and n, which
would result in more false alarms and verification steps,
and potentially a longer acquisition time. The design
chosen will depend not only on the capacity of the datalink
structure to support the algorithm, but the size of the
terminals. Acquisition by larger terminals in clear sky
conditions can be supported by an algorithm with low m
of n, however smaller terminals will require longer
acquisition times, particularly in a TACSAT environment
in which the DL SNR is limited.

7 CONCLUSION

This paper has examined the system design considerations
for synchronization of an EHF MDR system employing a
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TACSAT payload. Spatial and time synchronization
algorithms have been presented and the tradeoffs in the
overall acquisition and synchronization performance have
been discussed. Based on the tactical requiremeats of the
theatre of operation, the system designer must judiciously
choose the parameters of the algorithm to ensure robust
operation while simultancously minimizing the acquisition
ame.
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Communications
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1 SUMMARY

This paper examines communications coverage from five
non-geostationary satellite orbits. These orbits are
circular inclined synchronous, GPS, Molniya 12 and 24
hour, and Tundra orbit. It also shows the increase in
propagation loss due to irregular terrain and the foliage
lossatmm waves, as well as the combined effect of terrain
and foliage on satellite view duration. It concludes that
coverage calculations for EHF satcom earth terminals
need to take into account terrain and foliage losses.

2 LIST OF SYMBOLS

degree

minute

AMSL above mean sea level

CIS  circular inclined synchrcnous
ft feet

GPS  global positioning system
xft kilo-feet (1000 ft = 304.8 m)
km kilometre

mi mile (5280 ft = 1609.34 m)
Moi12 Molniya 12 hour orbit
Mol24 Molniya 24 hour orbit
Tundr Tundra orbit

WA Washington State, USA

.

JINTRODUCTION

Geostationary satellites are expensive, afford poor
visibility and degraded performance in the northern zones
and may be not have coverage over a specific theater.
Lightweight satellites tactical satellites (TACSATS) in
non-geostationary orbits for use over aspecific theater are
an alternative.

Satellite "feotprint” estimation invariably ignores the
effectof terrain on coverage and communications’ **%,
This is justifiable when the earth terminal is in a barren
flat terrain, and the saellite elevation angle is high.
However, thcre may be considerable effect of the
surrounding irregnlar terrain (mountains), in particular
when the satellite elevation angle is smail, on
communications with a manpack, a shipborne or a
transportable terminal. This paper will examine the effect
of terrain and foliage on communications coverage of
earth terminals with non-geostationary satellites.

For tacucal reasons, there is a need for communication
that is available continuously, is secure, has low
probability of intercept, has nuclear survivability, is
immune to EMP, has anti-jam features, and is reliavle.
Reliability is determined by system availability (99.99%
etc.) and is defined by the system specifications.
Although atmospheric ab<orption loss, effect of rain,
nuclear event, jamming, cic. are inciuded in the "fade”
margin, the effects of terrain and vegetation are usually
ignored. Inclusion of terrain, obstruction and vegetation
losses will make the system specifications more compiete,
so these losses are examined in this paper.

4 NON-GEOSTATIONARY ORBITS

ihe TACSATS may use polar orbits, inclined circular
orbits (e.g. circular inclinzd synchronous), and inclined
clliptical orbit {e.g. Molniya and Tundra)., The elevation
angle and its variation is determined by orbit and location
of the carth terminal. The elevation and azimuth and its
variation with time for the above orbits are presented for
Seal Rock, Washington, UTA,

4.1 Orbits
The five non-geostationary orbits considered hure are
listed below:

* Circular Inclined Syncnronous (CIS)

* Global Positioning System (GPS)

* Molniya 12 Hour (Moll2)

* Molniya 24 Hour (Mol24)

* Tundra (Tundr)

To determine the size, shape, orientation relative to earth
of an inclined orbit, and the position of a satellite in its
orbit. 6 orbital parameters are required. For the five orbits
listed above these 6 parameters are given in Table 1.

4.2 Elevation Variation

Variation of clevation over a2 24 hour period of the
satellites in diiferent orbits as viewed from Seal Rock
Washington Statc, USA are shown inFig. 1. The Molniy
24 hour orbit rises to an impressive clevaton of
approximately 89°. The maximum ¢levauon angle i1s 36°




TABLE 1
ORBITAL PARAMETERS
Parameters Values for Values for Values for Values for Values for
Circular GPS-012 Orbit Molniya 12 Molniya 24 Tundra Orbit
Inclined Orbit Orbit
Synchronous
Orbit
Catalog Number cis gps-012 mol12 mol24 tundr
Epoch Time 78/06/20 89/02/25 78/06/20 78/06/20 78/06/20
21:36:00 UTC { 01:41:43 UTC | 21:36:00 UTC | 21:36:00 UTC | 21:36:00 UTC
Element Set 1 2 3 4 S
Inclination 40.0° 55.1294° 63.4° 63.4° 63.4°
RA of Node 345° 216.2430° 275° 65° 20°
Eccentricity (e) 0.0 0.0090905 0.73 0.73 0.374
Arg of Perigee -90° 180.3094° -90° -90° -90°
Mean Anomaly 0.0° 179.6527° 0.0° 0.0° 0.0°
Mean Motion One 2.01388764 Two One One
(Rev/Day)
Decay Rate, 0.0e +00 1.500e-07 0.0e+00 0.0e+00 0.0e+00
Drag, (Rev/Day?)
Epoch Rev One 17 One One One
Semi-Major Axis 42164 km 26487.80 km 26561.789 km 42164 km 42164 km
(a)
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for Molniya 12 hour orbit, 33° for the Tundra orbit, 39°
for the GPS orbit, and 12* for CIS orbit. Of the five orbits
Molniya 24 and Tundra are particularly aitractive because
clevation angle is > =30" for 12 hours.

The Molniya and Tundra orbits are known for their high
degree of eccentricity 0.73 and 0.374 respectively, and an
inclination (63.4°). Their key benefits are coverage of the
northern latitudes and a prolonged hang-ume at the
apogee. A trajectory and a view of the earth foran inclined
orbit are presented in Fig. 2.

Not only the elevation variation but also the azimuth
variation needs to be considered for coverage and antenna
pointing purposes. For a unity ranse (assumed), the
azimuth and elevation variation for the Moiniya 12 hour
orbit are shown in Fig. 3; note that the diagram is not to
scale and it is included to exhibit antenna pointing only.

S EFFECT OF TERRAIN

5.1 Selection of Site

To study the possible impact of terrain on coverage Seal
Rock was chosen for analysis for the following reasons:

* It is represeniative of the West Coast of North
America and Northemn Europe

* The site has water, flat terrain, and mountainous
terrain (Olympic Peninsular) in its vicinity

* Terrain data (3 qrc-second) is available

The coordinates of Seal Rock, WA are 47":43" N and
122°:53° W. A map of the area in the proximity of Seal
Rock, WA is shown in Fig. 4, and a two-dimensional
topographic plot with contours is shown in Fig. S.

5.2 3-D View of Terrain Area

A 3-dimensional plot of the area (17x20 mi®) shown in
Fig. 5 presented in Fig. 6. The north-west view shows
constant - elevation abgve mean sea level (AMSL)
contours. (Note that the vertical scale 1s in feet, and the
horizontal scales are in miles.) From topological plots of
Figs. 5 and 6 it can be seen that there is water with a few
islands to east of the site, but land and steeply rising
mountains 1o the west. The highest mountains lie to the
northwest of Seal Rock, WA some of these are over 6000
ft high.

5.3 Terrain Radials

For the purposes of propagation analysis it is more
appropriate to examine the terrain data for the relevant
azimuths. (Note 0° or 360° azimuth corresponds to North,

90° azimuth to East, eic.). Radial terrain data centered at
Seal Rock, WA for 0%, 15°, 30", ..., 345" azimuths every
(0.1 mi was extracted from a 3 arc-second data base.

From Fig. 3, it can be seen that the azimuths 305°¢15°
and 50°t15° are relevant for the Molniva 12 hour orbit.
Terrain elevation vanations ‘ft. AMSL) along 300° and
315° azimuth radials are shown in Figs. 7 and 8
respectively. From these radials, assuming barren terrain
(absence of foliage), the terrain elevation argle is =10°
from SealRock, WA, Thus, if the satelliwe elevation angie
is > 10" there 1s no effect of barren terrain on coverage
duration.

$.4 Effect of Terrain on Coverage

The effect of barren terrain on coverage is shown in Fig.
9 at 30 GHz. A representative satellite elevauon of 20°
and terrestrial antenna clevation of 1 ft AMSL (e.g. fora
submarine terminal) were assumed. Radial terrain data
as described above was used. Each curve is an equi-ficld
sti-ngth contour: the labels of the contour are relative
values in dB’s; the absolute value is meaningless.
Bullington method was used to compute the obstruction
loss. The path loss is determined by the degree to which
obstructions penetrate the Fresnel zone. Effect of the
mountains (Olympic Peninsular) to the north-westof Scal
Rock on propagation and coverage is evident from Fig. 9.

Fig. 10 is similar to Fig. Y, except that the antenna height
has been increased by 60 ft. A comparison of -120 and
-114 dB signal contours in Figs. 9 and 10 respectively
shows that signal level at given distance increased by
approximately 6 dB with the increase in antenna height.
As expected there is no relief in propagation loss in the
north westerly direction.

The field computations in Figs. 9 and 10 do not include
the cffects of mulupath or foliage. The signal probability
distribution will depend on  the carth terminal
surroundings. Indeed it is conjectured that as the satellite
begins to come into view and rises the signal statistics
will change from log-normal shadowing to Rayleigh to
Rician probability distributions.

To summarize, the distant irregular barren lerrain even
when it is steep has an elevauon of 10" only and does not
reduce the satellite angula (elevation) view. The
irregular terrain however introduces an obstruction loss
as shown in Figs. 9 and 10. More important are the terrain
and foliage characteristics in the immediate vicinity of
the terrestrial antenna; effects of these are considered in
the following sections.
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6 EFFECT OF FOLIAGE

6.1 Foliage Penetration Loss

There is a paucity of data on propagation loss through
foliage at millimeter waves. Some information is
available* ", In general the propagation loss through
foliage increases with frequency’ reaching formidable
value at 30 GHz of =5 dB/m. Attenuation due to foliage
is given by’:
a= k f® dBm
where, k is in the 0.25-0.50 range
fis the frequency in GHz

6.2 Effect of Foliage on Satellite View

The propagation loss due to foliage depends on the height
of foliage and its distance from the terrestrial antenna as
these factors determine the path length through the
foliage, which in turn determines the minimum uscable
elevation angle of the satellite orbit. The foliage loss
produces a loss (depression) in thc uscable eievauon
angle. Aplotoflossinuseable elevationangle vs. foliage
attenuation that can be tolerated is shown in Fig. 11 with
foliage height as parameter at 30 GHz.

From Fig. 11, itcan be seen thateven with a very generous
margin of 10 dB for foliage loss only =2 m of propagation
path length through foliage car be tolerated, furthermore
a =2* depression in view angle below the tree tops is
sufficient to corsume the margin! That is, reliable
propagation at mm waves can be achieved only when the
satellite is visible above the tree tops.

6.3 Combined Effect of Foliage & Terrain

The combined effect of foliage and irregular terrain can
be substantial; particularly if the foliage is tall and the
terrain rises sharply in the vicinity of the ierrestrial
terminal. Near the west coast of Canada and USA the
foliage consists of coniferous trees =100 ft 1all, and the
terrain is mountainous.

The elevation view angles of 60 ft high foliage at 30 ft,
45 ft, 60 ft, 75 ft and 90 ft distances from the terrestrial
terminal are 63°, 53°, 45°, 39" and 34" respectively on a
flat terrain. However, if the foliage is on terrain with 5°
grade, the view angles are 68°, 587, 50°, 44° and 39" at
distances of 30 ft, 45 ft, 60 fi, 75 ft and 90 ft respectively.

The combined effect can be to limit the unobstructed
satellite useable view to elevation angles of >45°!  This
suggests that satellite orbits that provide high elevation
angle be used, the terminal be used only when the satellite
elevation angle is high, and the terrestrial terminal be set
up far far away from foliage ie. in a clear area.
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Incidentally, the requirement to set up the terminal in a
clearareacould compromise covert operation under batte
conditions.

6.4 Comments
To recapituiate:

* In barren environment the uscable elevation angle is
unaffected

* Distant mountainous terrain does not significantly
reduce the useable duration of the satellite

* Presence of vegetation, trees specifically and
particularly in the vicinity of the terrestrial terminal,
reduce the useabie duration of the satellite

* Trce covered mountainous terrain exacerbates the
effect of trees by reducing the useable duration of
the satellite

* Manpack, transportable and land-mobile terminals
are affected by terrain and trees, but the airbome
terminals and shipbome terminals atopen seaz: 2 not
affected

* In the presence of trees the fading might change from
log-normal shadowing to Rayleigh to Rician as the
moving satellite comes into view and rises

* Effect of foliage of different kinds and heights needs
to be studied

7 SUMMARY & CONCLUSIONS

* Elevation angles for satellites in 5 different orbits at
Seal Rock, WA have been examined. Expectedly
the visibility of the satellites in the 5 orbits is not
identical. CIS and GPS clevations angles are low
and the satellites are available for shorter duration.
Molniya 24 has high elevation and it 1s visible fora
substantiai part of the day.

* Terrain and coverage prediction analysis has been
done by extracting terrain from a 3 arc-sec data base
and using the Bullington method for computing the
field. Effect of terrain on propagation loss as well
as the effect of raising (/lowering) the antenna
elevation has been shown.

* There is a paucity of propagation loss data in general
and through foliage in particular at mm waves.
Measurements need to be made to determine the
probability distribution of the signais. Knowledge
of the statistics of the signal will aid in establishing
realistic fade margin that is neither onerous nor too
low.
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* Much work has been done 10 determine the effect of
rain on EHF propagation, but the effect ot terrasn and
foliage together has not been studied. There s a need
to augment the tradiional “footprint” csumauon
with propagation prediction using topographic and
foliage data

7.1 Impact on Earth Terminals and Satellites

The carth terminals will have GPS or some other
subsystem to determine the position, which can be
communicated 1o the satellite. The incorporauon of 3
arc-sccond terrain data base along with data on
vegetation and man-made structures in the sateliites will
aid i determining a  suitable time-window  for
communications. At the very least consideraton ot
terrain and vegetation losses in link budget (EIRP, dawa
rate, etc.) will make the system design more complete and
thus improve reliability of TACSATS.
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1. SUMMARY

T'he need for tacsats 1s discussed and typical tacsat mission
requirements are identified. A spectrum of potential tacsat
launch systems 1s identified and charactenzed. including
both US and non-US systems. and ranging from existing
operational vehicles to very advanced vehicles that - all not
become avaslable unuil well into the next century. The six
basic launch system design dnivers: performance, cost, oper-
ability. launch responsiveness, launch flexibality, and surviv-
ability are discussed as they relate v tacsal launch
requirements.  The launch systems that are desceribed are
categonzed into: () mamniine launch svstems. th) small fixed/
relocatable/mobiie  launch  systems, (¢} balhstic  mus-
sife-denved launch systems. and (d) far-1erm hunch systems,
The impact of the US/CIS Strategic Arms Reduction Tuiks
(START) agreements on the avatlabiliy of surplus bailistie
missiles is discussed. The avalability and utiity of 3 wide
selection of global launch sites are also examied. Ttis con-
cluded that the general tacsat mission s a viable concept. and
possibly satisfies a very critical future necd. It is demon-
strated that the tacsat launch services needs into the foresee-
able future can be supported by US current and planned
faunch systems launched from existing US launch sues.
However. numerous other options are avadable and should
be investigated by the tacsat system designerplanner for
viabihity and cost cffectiveness.

2. INTRODUCTION

The North Atlantic Trcaty Organization (NATO) alliance
must respond to the change from a fairly stable geopolitical
environment, with a well-defined adversary, to a very
dynamic environment where the adversary and the theater of
operations could change several umes during the lifetime ot
some of the current tactical satellites and where conflict
could anse in mose thar one theater at once. The evolving
world situation also suggests that there will be a need for less
emphasis on new strategic systems and more emphasis on
new tactical systems. It has bern proposed that what have
been called “hightsats” or “chcapsats,” but what are termed
“tacsats” in this paper, could be candidates for satisfying new
cvolving tactical nuission requirements. Such satellites would
place new requirements on space launch services, which his-
torically have evolved in response to requirements for larger
and larger payloads on orbit, whether their mission 1s tacucal
orstrategic. Use of the current US mainline launch vehicles,
forinstance. would entail launching tacsats either as multiple
payloads. or as auxiliary (piggyback) payloads on a flight
whose pnimary payload s a conventional large satellite. In
current practice in the US. the latter aption would not gener-
ally he available on Department of Defense (DOD) Mights
since DO payloads are normally designed to utilize the fuil
payload capabiity of the launch vehicle.  Conventional
scheduled flights would have to be re-planned to fiy
off-loaded in order to permit tacsat payloads to be added if a
sudden cnsis generated anunscheduled necd. The establish-
mentof such a policy could impact the payload requirements
for upgraded Mecdium Launch Vehicles (MEVs) or the new

National Taunch System (NIS)  Howcever, planming oo
faunch tacsats as single payloads on smail launchers (fixed,
relocatable. or mobite) 1s not necessanly the most cost-effec-
uve option

Instead of separately desigming and developing the orhting
vehicle system, which s later sntegrated with a separately
designed and developed space faunch system. the tacsat
opuononens up for consideration the concurrent design and
devetopment of a singie system of which the orbiting vehicle
and the faunch vehicle are merety moaular clements. The
concept of using the launch venicle upper stage as a space-
<ratt bus s not new and was used successtully by fockheed in
their Agena program. There s <ome evidenee tor beheving
that such weapon svstems as Nike and the air-cruise mussiles
are nherently more operable than conventonal space
iaunch systems. If the design philosophy described above (1o
consider the orbiting subsystem and the launch subsystem as
clements of a single. integrated systembis adopted. 1t may he
possible toimprove the operability and lower the cost of sat-
isfying the same tactical mission requirements by the histon-
cally conventional paraliel system development approach. [t
is comjectured. for instance, that a vanety of missions could
be satisfied by selecting und assembling different systems
from a limited inventory of standardized (modular) nrbiting
vehicle and launch vehicle subsystem elements.

Also mncluded as candidate launchers are the strategic ballis-
tic missiles that wall be retired as a result of the cimergimg
STAKT treaty agreements. Speaal imitations on the con-
version of balhistie misstes to space launchers apply and need
to be considered

It s evident that the tacsat concept introduces a number ot
complex new issues that need to he addressed and that must
be placed in the context of a total cost-cffective system solu-
tion to a dynamically evolving threat. However, this paper
does not propose to resolve these broader issues but 1s
intended to describe the launch vehicle options for launching
lightweight tactical satelhites to satisfy a vaniety of potential
musstons.  The potential missions and the general character-
stics of tacsats that might satisty these missions are delin-
cated. The important factors in the identification of candi-
dirte launch sysiems for these missions, 1e.. weight. dimen-
sions, orbits and constellation architecture of the satellites:
and perfarmance, cost. operabihty, launch responsiveness.
launch flexibility, and survivabihity of the launch system, are
charactenized. Requirements for faunch responsiveness and
launch flexibility are not well defined, but a spectrum of
options 15 discussed

T'he launch systems are grouped mto (a) mainline launch
systems; (b) small fixed, relocatable, and mohile systems.
(¢} batlistic missile-derived systems. and (d) far-term systems.
The pnimary focus 1s on US faunch vehicies and launch from
the continental US, but the capabilities of other nations’
taunch services and launch sites are also described. This is
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because 1t s unhkely that the US. or even NATO, will uike
military acuon that would involve untiateral full-scale use of
the tacsat concept as discussed herein. Although resisung
tocal despots needs single-minded leadership, and only mds-
vidual governments can truly provide that, the US and
NATO must coordinate otfensive action with internationat
arganizations such as the European Community (EC). the
United Nations (UN), the Western European Union
(WELH. the Conference on Security and Cooperation in
Europe (CSCE), and wath other nauons. including the sev-
eral ex-Soviet Bloc nations that are indicating an interest in
joming NATO or the EC for mutual military and economic
sccurty. The global market for, and vtility of, tacsats must
also be examined 1o the light of the “Open Skies™ treaty
signed on the 25 March 1992, 1in which 25 countries. includ-
g all the 16 NATO countries. 3 East European ex-members
of the Warsaw Pict. and Russia. Ukraine. Belorussia, and
Georgia agreed to permit arrborne overthights of ther
errtory.

3. LAUNCH SYSTEM SELECTION CRITERIA

lacsats can ether be launched on demand. Taunched on
schedule as pnimary payloads, or launched as payvloads of
opportunity (auxiiary payloads flown piggyback on regularly
scheduoicu thghts) The tacsat mission rases the issue of satis-
iving launch system design requirements that may possibly
have not been satisficd or emphasized in the rast. Tradinon-
Al faunch and missile system design drivers can be roughly
divided mto s categories: (@) pertormance. (h) cost,
(¢) operabihty, () Taunch responsivencess. (o) kenceh fleehiis
sty and (D) survivability. The members of the three major
tamdies of mainbine UN expendable Liwnen vehicies: Atlas,
Delta, and Titan, are examples of performance-driven
designs. The US Space Shuttle was pianneu 1o be a
cost-driven system but. in commaon with all launch systems
developed up to the present, did not achieve 1ts goal of Jow-
cost aceess o space. The US Advanced Launch System
(ALS). now replaced by the NIS, was concerved as being
both an operabibity-driven and @ cost-driven system. The
sohid propeliant bathsuc missiles. such as the US Minuteman
I (MM-1ID, are examples of launch responsiveness-driven
systems and theretore any space taunch dervatives of balhs-
e missiles wall anherit this design charactensuc. The
air-mobile systems, such as the US Pegasus and the proposed
Commonwealth of Independent States (CIS) Space Clipper.
represent systems that provide the launch fexibility o select
a benefiaal locatton for a specitic mission and an all-azimuth
lisunch capability.

Survivabihity 15 an additional design driver that has histon-
cally been of importance to weapon delivery systems, At
present, survivability does not appear 1o be important to tac-
sat launch systems. but this factor could become moreimpor-
tantn the future as more developing nations gam access 1o
sophisticated offensive weapons.

4. REQUIREMENTS

4.1 Missions

The overall tacsat mission is charactenzed by the need to
augment capital space assets during times of crisis: the need
to surge at the outhreak of a major conflict: and the need o
reconstitute space systems that have been damaged or
destruyed.  Tacsats satisfy a military need to provide space
systems that are dedicated to support tactical commanders
without inflicing a heavy logistic and admunistrative respon-
sihility. Ideally, the battie commanders need the operational
control to task satellites as their own assets 1o ensure direct
and timely access to real-time data and information from
space. Use of the space systems should be anintninsic part of
routine peacetime  aulitary traiming exerases and not
brought into play only to respond to an actual war-fighting
emergency. )

Liacsat werghts can range trom fess than 50 1b (23 kg). in the
case of the Defense Saiences International Microsat, to the
150 b (68 kg) Macsats which were used with success by US
Manne umits duning the Persian Gulf War, o 1,500 1b
(6806 kg) [ndium-like satetlites. One arbitrary definition of a
tacsat 1s that 1t should weigh less thun 2.200 th (1.000 kg) and
he launched for fess than $20M. (although some commeraial
ightsats have alrcady been taunched for weli under $1IM). A
better goal might be a weightotless than 1,500 Ih (650 kg) and
a launch cost of $1SM.

Table 1 shows a potenual set ot tacsat fsunch requirements.
['he missions include a broad range of capabibties that g eld
commander needs. ncluding communcations, weather,
fand and ocean surverilance, theiter survelance, and missile
warning. [n most cases, the tacsats would serve to augment
the larger conventional sateiiites by providing the field com-
manders with dedicated assets. and may be used to reconsts-
tute unexpectedly failed satellites on a temporary basis.
Treaty momtonng s included. although this may be more a
support function to, for instance, the United Nations Secu-
rity Council than the battleficlid commander.

Table 1 Potential Tacsat Launch Requirements
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Itisseen from fabi | thatthe orbits for the varnious missions
fall into two general categernies: (a) grosynchronous (GEO)
or highly elhiptic tor continuous coverage missions: and
() low carth ortit (LEO)Y sun-synchronous for all inclina-
tons (1o cover any potental target arca) for Earth sur-
vertlance missions. High altitude satelites would probably be
stored on orbit prior to hostihties. An attempt s made to
quantfy launch responsivencss requirements.  Sateline
weights are based on very preliminary tacsat designs, and
should in no way be considered firm requirements.

4.2 Constellations

Tacsat consteilations can range from single satelhtes to com-
plex muitiple satelite global constellations, such as an
Iridium-like global communications constclation  that
includes 77 satettites in 7orhital plancs. Since there couid be
scenarios where multiple tacsats need to be launched at one
time. potential launch options cannot necessanly be con-
fined to small launch systems. Opportunuties for payload
manifesting must be examimned inorder to wmprove cost effec-
tiveness. It is conceivable. for instance, for a whole plane of
11 {ridium-like tacsats to be deployed on a single mainline
launch vehicle.

4.3 Payload Manifesting

For constetlations with a large number of small satellites ina
larpe number of orbital planes, mamfesting on mainline
taunch vehicles is an attractive option. At low-to-mud inclina-
tions. the most effective means of distnibution is to use orbital
regression. Spacecraft are launched into a park orbit sepa-
rated m alttude from the sassion orbit. Earth oblateness




causes a natural drift. or regression. of the orbits, and the rate
of drftis a function of the altitude (and inclination of the
orbit. Thus the differential regression rates between the two
orbits permit a phasing of the orbits 1o take place over tme,
At the appropnate tme. with planes aligned. a spacecraft
destined for a certamn ring performs an inter-orbit transfer
11O its respective mission orbtt. Regression rates, however.
are reduced at high inchination and. in fact. are zero for
polar orbits.  Thus. for high inclinanion consteflations. this
approach s not practical.

A second strategy s to launch the spacecrait into the same
aititude as the mission orbit, but at a fower inchination. thus
establishing a iclative regression rate based on the differen-
uai inchination.  The plane-change mancuver 1o inject the
spacecraft into the mission orbit is a high energy mancuver,
however, and the energy required increases rapudly as the
magnitude of the planc change increases. The plane-change
mancuver imphies the use of propetiant, which recuaces the
number of satellites that can be mamfested on g single
faunch. A halance between plane change and acceptabic
regression time must be estabhshed 1o make cffective use of
the launch system performance.

4.4 Launch Responsiveness

A turther consideration s the liunch system responsiveness
For tacsat missions, thereas animphication of ek responsy-
ity of the satellite system. both on the ground and once itisn
orbit. In addition to kiunching the firstsatelbte rapdiv. there
is the ssue of launch repetition rate requirements (the need
o reload the system) This may be solved with additional
storage. test and launch pad faciliies. or rapid reeyehing o1
the pad. or most probibly @ combination of hoth. In every
case. the more responsivity required. the higher the
non-recurring cost for facthties and equipment and the
higher recurring cost for manpower and maintenance. 1rade
studies need to be made when launch responsiveness
requirements are better defined.

Ballistic missile-dervauves offer the passibibity ot launching
in a matter of sceonds if they are muntimed on alertstatus
with the sawllite in the same state of readiness. This does not
scem to he a necessary requirement for tactical situations, at
leastin the near-term. since there s a low probabiity of the
rapia countertoree attack assumed 10 the case of stratege
hatlistic missiles. A more reasonable approach would be to
store the vehicles under conditions that wouid allow them to
be brought into a state of launch readiness in @ malter of
days; they could be launched on demand in a matter of hours
if desired.

From the ultmate responsivity of the ballstic missile-
derivatives. the next most responsive systems are the small,
fixed, relocatable. or mobile launch systems. Itis anticipated
that these systems could be launched 1n a matier of days with-
out a huge mvestment. Finally, the current medium and
large launch vehicles have long callup umcs because they are
not designed for high responsivity or recyele times. There-
fore it would take a large investmentin launch site faciities to
hring their responsivity into the one to two week range.

5. MAINLINE LAUNCH SYSTEMS

There are presently four nation-states that offer routine
global mainhine space launch services: the United States,
Europe. the Commonwealth of Independent states. and the
Peoples Republic ¢ China. Technically. Japan also has a
mainiine faunch system, the H-1. However, this vehicle s
currently being phased out in favor of the H-2 and made its
fust flignt in February, 1992 When the H-2 becomes opera-
tional. five nation-states will be able to provide mamnhine
launch services.  However, difficultics being experienced
wath the LE-T cryogenic first-stage engine could delay the
predicted 19930 imuial Taunch capabihity date.
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5.1 Current and Near-Term

S.1.1 {nited States 1U'S)

L he current US mambine Lvunch svatem famibes include the
Atlas, Deltas and Ditan tansties. The Alas, Delta, and
Titan 11 are medium faunch vehadles, wiln payload capabie-
tics of between 6,000 and 20,000 {b (2,728 und 9.091 kg) 10
LEO. Heavier hft capability 1s provided by the Commeraal
Tutan 1 and the Tian 1V, which can Lft close 1 48.000 b
(21.818 kg) 1o LEO.

Fhis group of laurch vehicles is the most viable for the high
energy tesat missions, not only because of payload capa-
nility, but because the suggested store-on-orhit strategy tor
the GEQ satelhites 15 consistent with ther current jow
response times. The Tian 11 can curreatly be flown only
from the west coast launch site at Vandenberg Air Foree Base
{(VAFBY 1n Cabforma The Delta 1T can deliver 2,300 b
(91 kg) and the Atlas 1 3100 1b (1410 kg) to GEQ Fora
LOOG Ih (455 k) satethite, this translates into about $25 M per
payload kwnched twoat a time on Delta or three ata time on
Atlas, while for LS00 Th (682 kg) sateibites, these numbers
become about $50 M for asingle satethite on Deltaand $40M
~ach tor two satetlites an Atlas 1 he viabidity of launching
multiple satethites 1o GEO would have to be assessed by the
aners, hut it would appear to be s reasonable approach since
snere are thiree GEQY pusstons sdentiticd. and. inosay cuse.
sHeN spares can e deploved st suthiaent oxeess booster
capabiiity exists o benetit of aomtroihing sateibite wewht
without compromsing massion capatilitv, s apparent.

freure Daummanses the payioad capamblics ot the carrent
S megium and Large nuanime expendable Bianch vehicies
o vanous orbits obinterest and several other charactenstes,
sach as pavioad accommodution. rehiabiity, and cost per

theht 1 aunch rate capacnty circa 1995 1 also shown.
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Figure 1 Current US Ma “hne Launch Systems

S.LLY Delra furruly of vehicles

Ihe Delta family of vehicles was derved tram the Thor
Intermediate Range Ballistic Missile (R BM) by adding sev-
craismali Sohid Rocket Motors (SR Ms) and the Deltascecond
stage. Deltas are used to launch payioads into GEO and
LEQO {rom Eastern lTest Range (ETR) launch complexes
1C-17A and LC-17B: and to polar arbit from the Western
Test Range (WTR) space launch complex S1.C-2 - The capa-
ilities have grown through a series of upgrades The prme
contractor for the Delta family of vehcles 18 McDonnelt
Douglas. Huntington Beach, Cahforma.

The Dedta 11 was selected as the Air Force Medium Faunch
Vehieio T IMIV-D and s currently used for faunching the
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NAVSTAR Global Positoning Satellite (GPS). Space
Defense Imtiative Organization (SDIO) expenmental pay-
loads. NASA scientific payloads, and commercial payloads.
The imial version (Delta 6925) first flew in February, 1989,
followed by an upgraded version (Delta 7925) in November,
1990. Delta 7920 has rmine Graphite Epoxy Motor (GEM)
strap-ons and supports the heavier weight of current GPS
satellites. A two-stage version exists tor cach Debta I Delta
6920. which is capable of placing 8.800 1b (4,000 kg) into LEQ
Jdue east:and Delta 7920. which is capabie of placing 11100 1b
(5.045 kg) into LEO due cast. The main difference between
the Delta H vehicles (6920 versus 7920) lies in the use of Cas-
tor Solid Rocket Motor (SRM) strap-ons (steel cases) versus
the use of GEM strap-ons (graphite cpoxy cases). The Dela
7925 provides performance to transfer orbits and uses a third
stage. This third or upper stage 1s a modified PAM-D, witha
Star-48B solid motor mounted on a spin table to spin-up
the stage/payload combination bef re deployment. ncor-
poration of this third stage provides the capability to deploy
4.010 b (1.820 kg) of payload into GTO (without the third
stage.only 2.8001b(1.270 kg) can be deployed mto GTO). An
additional spacecraft kick motor is required for geosynchro-
nous orbits.

5.1.1.2 Adas familv of vehicles

The Atlas is a former Air Force Interconuncntal Batlisuic
Missile (1ICBM) weapon system converted for use as a space
launch vehicle. The Atlas D) was man-rated and flew tour
successful missions during the Mercurv program. including
the tirst 1.8, manned orbital flight by John Glenn. The sys-
tem coneept. now over 30 years old. has gone through o
series of modermizations and upgrades. which have cnhanced
its pavload periormance capability considerably. There are
several Atlas versions, existing and planned. but common to
allss the use of one and a half liquid propetlant stages. Both
stages (“booster” and “sustiner”) are igmted on the ground
and burnan parallel. After the booster engines are jett-
soned. the sustainer engine continues burning toorbit. The
prime contractor for the Atlas family of vehicles s General
Dynamics Corporation, San Diego, Cahfornia.

Atlas E. The Atlas E is a DOD launch vehicle presently used
to launch smaller payloads to low polar orbit from space
launch complex SLC-3 at Vandenberg Air Force Base
(VAFB). The vehicles are former Atlas ICBMs that have
heen decommissioned. refurbished. modificd. tested. and
certified for space thght. The Atlas E is pnimaniy used tosup-
port the DOD Defense Meteorological Satellite Program
(DMSP)and the National Oceuuc and Atmospheric Agency
(NOAA)satelhtes. Itcan place 1800 1b (880 kg)into low polar
orbit. Only a tew vehicles remain in inventory.

Adas 1. The Atlas [ is used for commumication satellite
launches such as the Defense Satellite Communications Sys-
tem (DSCS-TH). 1t was sclected as the Air Force Medium
Launch Vehicle 1 (MLV-11) and is designed to perform LEO
and GTO missions. [t consists of the booster and a Centaur
upper stage and can place 14,100 1b (6,410 kg) into L.EQ due
cast, 5.900 1b (2.680 kg) into GTO, or 3.100 Ib (1410 kg) into
GEO using a kick stage.

The Atlas contractor 1s offering four versions of the Atlas:
Atlas L Atlas T, Atlas [TA, and Atlas 1IAS for launching
NASA and commercial payloads. The Atlas HAS is anim-
proved version of the Atlas I that has solid strap-ons and in
which the Pratt and Whitney RL-10 engine in the Centaur
upper stage 1s increased ia thrust from 16.500 Th to 20,800 b
(7.500kg t09.450kg). The Atlas HAS payload to GTOwll be
7.700 1b (3,490 kg).

Gicneral Dynamics Commercial Launch Services has pro-
posed carrying so-called “compamon” satcliites ranging

trom 9%11b 10 2970 Ih (450 kg to 1350 kp) 1o LEOQ at 28 S deg
on faunches of primary payloads

5.1.1.3 Titan famiy of vehicles

The Titan tamily of vehicles 18 8 series ot Asr Foree vehicles
that has evolved from the Titan ICBM swiem over the past
3Syears. Three mam launch vehicle copfiguranons presently
caast: Titan 1] Space Launch Vehicle (SLV). Titan 11 Com-
mercial. and Tian 1V, with vanatons of cach. All have tvo
core stages using hquid propellants.  The last two use seg-
acnted SRMs for the inihial stage 1o enhance performance
Compostte-case SR Ms (designated SR MU Ywill soon replace
the steelcased sohds to provide increased performance
Addional proposais for increased performance include the
use of liquid cryogenic propeliant boosters. more and tonger
SRMs, and more hquid engines with stretched and/or larger
diameter core stage tankage. The pame contractor for the
I'an family of vehicles 18 Martin Manetta Corporation
Astronautics Group, Denver. Colorado.

Firan 1. "The Titan 1 space launch vehicle was conceived by
DOD to utihze an existing resource and. 3t the same time.
augment the dwindling Atlas E launch vehicle inventory for
launching smaller payloads 1o polar orbit. The Truan i
vehucles (ke the Atlas E vehicles) are former [ICBM weapon
swstems that have been decommussioned, removed from
therr silos, refurbished. modified. tested. and cerufied tor
space thght Chere were onganally 35 Toan [CBMs iminven-
tory, and the Aur Force has a continuing program to modify
and launch these vehicles as required. The mmital faunch ca-
pabilitv of the Tian 1T was achieved in September. 1988 The
Fitan I can place up o 4.200 1 (1910 kg in LEO polar orbit
trom space krsnch compiex SLA-4 (West) at VAFB. Propos-
als for upgrading Tiwtan 11 pertormance include developing a
Cape Canaveral capability. long duration arrculanzation
hurns with added propellants, and SRM strap-ons. The adds-
ton of cight Castor Vs for example. would launch 5900 1h
(4.045 kg) to LEQO polar. Configuration studies inclu-fe the
addition ot up 10 1) GEM sohid racket motor strap-ons

Titan H. ints batlistic missile configuration, can be launched
with less than one minute of warning since propestant can be
keft for long penods of ume without deterioration of the fue!
tanks or the propulsion system.

Commercial Titan [1] The Commercial Titan 1T s derved
trom the Titan 341} with astretched second stage and a ham-
merhead Uarger diameter)shroud for dual or dedicated pay-
toads.  The first commeraal Titan 11 was launched
December. 1989, and can launch 32.000 1h (14.540 kg) into
LEO. It is compatible with the McDonnell Douglas
PAM-DIL the Marun Marnctta Transtage. and the Orbutal
Sciences Corporation Transfer Orbit Stage (TOS) upper
stages to provide GTO) capability of 4080 ib ( 1.850 kg). 9500 b
(4.320 kg). and 11000 1b (5.000 kg). respectively.  Perform-
ance to GEO is approximately $.500 Ih (2,500 kg) using a
spacecraft kick motor.  Martin Manetta has examined a
number of payload deployment schemes tor launching small
payloads. both as auxihary payloads and as multiple pnmary
payloads. but these design options have not been exercised.

Titan IV The DOD's Titan 1V development was begun as a
complement to the Space Shuttie, but following the Chal-
lenger aceident, the program was expanded to accommodate
critical DO payloads. The program was further expanided
in 1987 as the full impact of the Shuttie delays and cancella-
tion of the Shuttle-Centaur program hecamc clear.

The Titan IV uses either a 7T-segment SRM or a J-scgment
SRMUJ. Htis now capabic of delivening 10.000 1 (4.550 kgd to
GEO with the current 7-segment SRMs. When the SMR1UJ
boosters now under development are avanlable. the Titan 1V
Centaur will be able to launch 12,700 ib (6.350 kg) to GEO.
The Titan IV/TUS is currently operational and s capable ot




dehvering 5.250 1b (2.390 kg) to GEO. A Tuan 1V with no
upper stage s used for launching into polar and high inchny-
ton orbis.  This configurauon can dehver 39000 Ih
(17700 kg) w0 LEO due east. or 3LO00 1b (1410 k) to a
100 nm (185 km) polar orbit. The Titan IV could. in theory,
fly auxihiary payloads but this 1s not a very practical option
since 1ts primary payloads normatly use full payload capabih-
ty.

5.1.2 Furope

Europe 1s represented by the Anane 4 family. which provides
a range of payloads from 3.000 10 21000 b (3.6360 1
9.545 kg) 10 LEQ. There are six versions ot Ariane 4, with a
mix of hquid and solid propellant strap-on boosters. There
Jare two subsatetlite services, the SPELDA (Structure Por-
teuse Externe pour Lancement Double Anane). Pedicated
Satellite Service (SDS). and the Arane Structure for Auxil-
wry Payloads (ASAP). plus differeat versions of the
SPELDA payload fairing. In this way. 1t caters to 4 wide
range of payloads. The vehicles are Jaunched from a launch
site at Kourou. French Guiana: a faunch azimuth range of
104 deg s possible from 349.51093.5 deg. The cost per fhight
tor a single GTO launch 1s between $65M and $95M.

Fifty satellites have been launched using the SYLDA (Sys-
teme de Lancement Double Arnaney or SPELDA dual
taunch capability. which has resulted ina satelite deploy-
ment rate of about 12 per vear, up from 7 to 8 launches per
vear previously. The launch limit for the Anane 4 s set at
10 fhghts per year, which allows tor detavs or problems
Fhree commercial microsatellites have been tiown using the
ASAP and as many as six ASAP attachment points cun
accommaodate multiple satellites up to about 91 1b (200 kg)
cach.  The cntire ASAP structure cin be reserved for
between $700.000 and $800.00. Tn order to satisfy custom-
ers’ demands. a shortened version of SPELDA, named SIS
(Spelda Dedicated Satellite) 1s betng built by British Acro-
space to accommodate a satelhite in the 2700 1 (6,000 kg)
class, plus an additional satellite of up to 8 kg, The capabil-
ies of the Ariane 4 are summanzed in Figure 2.

Ananespace. the commercial consortium that operates Ari-
ane. predicts the mimisateifite market (commercial and mili-
tary) to reach 20 per year by 1993, and its goal 1s to capture
309 of the market.

5.L.3 Commonwealti of Independent States (C1S)

The availability of ex-Soviet Union launch systems 1s complr
cated hy the political changes that are taking place and the
fact that space asscts are no longer controlled by a single au-
thority. At least five space agencies (three in Russia) appear
10 be emerging and at least three members of the Common-
wealth (Russia. Kazakhstan, and Ukrain) are laying claim to
the potential benetits of marketing space technology to the
world. The distnibution of the major CIS space assets are
shown in Figure 3.

Russia appears to have control of most of the ex-Soviet arse-
nal of launch systems. icluding the Encergiiv/Buran, the Kos-
mos, the Proton, the Tsyklon. and the Vostok/SoyuzrMol-
miya. However. the Zenit. which is the only ex-Soviet vehacle
built specificatly for commercial launch and may possibly be
faunched from the proposed Cape York Space Port n
Qucensland. Austrilia, 15 built by Yuzhnoye NPO n the
Ukraine. The Yuzhnoye Design Bureau 15 also proposing
the air-launched Space Chpper, which 1s discussed later. The
launch capabilities of the ex-Soviet unmanned launch sys-
tems arc summarized in Figure 4.
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5.1.4 Peaples Republic of Clunu (PR

I'he PRC i represented by the Long March tamily of
vehicles. Chaina's space taunch services depends on a number
of interacting orgamizations, cach of which s responsible fur
part of the launch services package. The China Great Wall
Industry Corporation (COWIC) 18 responsible. under the
Ministry of Astronautics. for coordination between foreign
customers and the other clements of the hiunch serices
orgamzation.  The taunch capabiliies of the Long March
fumily are summarized 10 Figure S

5.2  In Development and Planned

Fhree nation-states. the United States. Europe. and fapan
have clearly laid out plans o cxiend therr mamnhine expend-
able launch vehicle fleet

5.2.1 United States

Medium Launch Vehicte 34MELV-35 The US Air Foree plans
to award a contract dunng hiscal vear 193 for the MEV-3,
which would become available in 1996 and has, as sts pnmary
mission, the launch of GPS Block [IR. The MIV-3 15 1n-
wended to “bndge-the-gap™ untl the NIS 8 avanable. and
any performance improvements witl be tinanced by private
mdustry  This procurement could conthict wath the procure-
mentof the NLS. and a deasion may have to be made in Con-
gress 1o select one or the other Adthoueh no charactenstics
of the MIN-TT are releasable ot this time. the procurement
could provide an opportunity o pian tor discretionary auxi-
1ury payload Jdeployment

National Launch Svstem tNTS) The NES s using an evolu-
tonary approach for the development ot i tamily of launch
vehicles and operational intrastructure with the capabihty o
place a wide range o pavioads into orbat at a fraction of cur-
rent costs. The aperability goads of NLS are 1o make space
launch activities as routine as those o o fong-haul trucking
company

The NS veiucles currently serving as points of reference
range trom a small. two-stage vehicle capable of placing
approximately 20000 Ib (9.0 kg) into LEO (the immediate
focus). to a one and one-half stage vehicle utthaing a Shuttie
External Tank (ET) denved tank section (common core) for
moderate sized payloads to LEO. and capable of being
upgraded to g two and one-half stage vehicle (by adding an
upper stage) with GEO capability: to @ heavy bift eonfigura-
ton using ASRMs s strap-on boosters, the common core.
and @ cargo transter vehicle (CTV) tor cargo dehvery to
Space Statwon Freedom (88F). A new NLS upper stage. used
with the one and one-half stage vehicle for GEO mussions. 1s
also being considered for use as the final stage of the 20,000 ih
(9.090 kg) (NLS-3) vehicle to turther provide commonaiity.
Vehicles with increased pavioad capabibity. attained via mod-
ular growth to meet heavy it requirements up to 124.000 b
(56,360 kg), are also under study.  Payload estumates for the
various members of the NLS family meet both NASA and
DOD requirements. The primary interestof the DOD inthe
one and one-half stage 1s to place 50.000 1b (22,730 kg) into an
B0 x 150 nm (148 x 278 km)orbit: NASAs interestis touse it 1o
deliver 55.000 1b (25.000 kg) of net payioad to the §SE The
DOD plans to use the two-stage vehicle 1o deliver 20.000 1h
(991 kg)toan 80x ISOnm (148 x 278 km) arbit, 4000 1h(1.818
kg)1o GEQ. or 8000 1b (3.636 kg) to GTO: NASA would use
ittodeliver 18.0001b(8.182kg) of net pavioad 1o the SSE. The
two and one-half stage vehicle would deliver 97,000 Th
(44,090 kg)to the 80 x 150 nm (148 x 278 km)orbitor 15.000 b
(6.818 kg) to GEO: it could also deliver 83,000 1b (37.730 kg)
of gross payload to the SSF The HLLV option could deliver
135,000 Ib (61.360 kg) to the 80 x 150 nm (148 x 278 km) orint
or 124,000 1b (56,364 kg) of gross payload to the SSF
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COSTFLY -$91 M §0-70 52-12 7 6575 85-35 ] 90100 ¢ 110120 100-110

Figure 2. Current and in Deve'opment European Mainkne Launch Systems
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Figure 3. Distribution of Major CIS Space Assets
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Figure 5. PRC Maintine Launch Systems
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NLS launch capabilities will be first implemented at the
NASA Kennedy Space Flight Center (KSC), using the
Shuttle Vehicle Assembly Building (VAB)and Launch Com-
plex 39 (LC-39). Next, NLS will be implemented at Cape
Canaveral Air Force Station (CCAFS) with a single launch
pad and processing facilities compatible with the Integrated
Transport Launch (ITL) concept. NLS evolution planning
envisions additional launch capabilities at Canaveral.

In April. 1991, the NLS Program was reviewed and approved
by the US National Space Council as a major initiative for
fulfilling national space transportation lift capability, oper-
ability, and cost reduction needs. Presently, its future is being
debated again in Congress.

5.2.2 Europe

Europe is currently developing the Ariane 5 as a successor to
Ariane 4 but using a completely new design. Its objectives
are to deliver into GTO one or more sateliites having a total
mass of 15,000 1b (6,800 kg) or to deliver the Hermes space-
plane weighing 48,500 1b (22.000 kg) into a 50 x 250 nm (93 x
463 km)transfer orbit at 28.5 deg. Currently the Hermes pro-
gram is under review.

Ariane 3 is an ESA development. but it is intended to satisfy
the commercial and non-commercial markets into the next
century and will be assigned to Ananespace about a year
after first flight, which is predicted for 1995. Following on the
success of the Ariane 4. itis conceived as a family of vehicles.
A new deployment system. SPELTRA (Structure Portcuse
Externe Lancement Triple Anane) and standardized pay-
load support structures will be avaiable to accommodate
single, dual . and triple satellite launches and to accommo-
date small piggy-back payloads. The capabilities of Arianc 5
are listed in Figure 2.

5.2.3 Japan

The first launch of the H-2 vehicle was originally planned for
1992, aithough problems with the development of the LE-7
LHZ/LOX engine will now delay this event. The H-2 is
expected to be offered for commercial launches. Its charac-
teristics are shown in Figure 6.

6. SMALL FIXED/RELOCATABLE/ MOBILE LAUNCH
SYSTEMS

Smail fixed. relocatable, or mobile taunch systems are a cate-
gory of launch systems intended to launch relatively small
payloads (and particularly commercial payloads) at low cost.
Because their operational procedures are simpler than the
mainline systems, their response times tend to be shorter and
their launch flexibility to be greater than the mainline sys-
tems. Since they have these characteristics. and their payload
capabilities are compatible with launching small payloads to
low energy orbits, they are strong candidates for performing
the low altitude tacsat missions. Figure 7illustrates two types
of orbits that satisfy the low altitude surveiilance missions to
sun-synchronous or target inclination orbits. Figure 7(a)
shows the condition where the satellite is launched from
Cape Canaveral at an inclination equal to the latitude of the
target area. This has the virtue of passing over the targeton
the first pass, and, because the orbit is almost parallel to the
target latitude, the target will stay in view for several revolu-
tions. Moreover, by placing several satellites in the same in-
clination. but spaced around the globe from the original or-
bit, sigmficant view time of the target can be achieved cach
day. In contrast, Figurc 7(b) shows near polar orbits
(sun-synchronous) where each satellite overpasses every tar-
geton the giobe twice per day. By having several satellites in
orbits with the same inclination but spaced apart, a target can
be vicwed in daylight at several different times a day.
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Figure 6. Curent and Planned Japanese Launch Systems
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Figure 7. Low Altitude Surveillance Mission Orbits

6.1 Current and Near-Term, Pianned and Proposed
6.1.1 United States (US)

Table 2 shows the characteristics of a number of smail fixed
or relocatable US launch vehicles that exist or are in develop-
ment. The Scout 1. which. in any case. is currently out of pro-
duction, can only deliver 400 to 600 Ib (181 to 273 kg)
payloads to the low Earth orbits of interest. The Scout I and
the Pegasus air-launched booster have approximately the
same payload capability to LEO in the 600 to 900 ib (273 10
409 kg) range. The Pegasus has the advantage of flexibie
launch point location and all-azimuth capability. The Cones-
toga family of space jaunchers provides a range of payload
capabilities by adding strap-on boosters to the basic
four-stage core vehicle. Itshould be pointed out that the only
configuration that has flown is Conestoga 1, which success-
fully flew a sub-orbital mission in 1980. The Conestoga IIA
version offers 2 to 3 times the payload capability of the
Scout | at the same price ($10-12M), according to the man-
ufacturer. The Taurus, which is under development by Or-
bital Sciences Corp (OSC) for the Defense Advanced
Research and Planning Organization (DARPA), provides
considerable payload capability to LEQ. In many cases only
one satellite per ring is required, but several rings properly
spaced to achieve extended coverage may be needed. If this
is the case, the additional capability of the Conestoga or the
Taurus may be used to permit carrying excess propellant in,
say, one of two satellites to boost it to a higher altitude and
different inclination in order to generate a differential nodal
regression between the two satellite planes. Nodal regres-
sion of a satellite plane is due to forces exerted on the satellite
causcd by the Earth’s oblateness. These forces tend to make
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Table 2. Current and Planned Small US Fixed/Relocatable/Mobile Launch Systems

LAUNCH VEHICLE SCOUTY | SCOUTZ | PEGASUS |PEGASUSXL| YAURUS |CONESTOGAi CONESTGGA
NA A
RESPONSIBLE AGENCY NASA NASA DARPA | USAFMMASA | DARPA NASA . NASA
PRIME CONTRACTOR L LT 0sc 0s¢ osc | €A EER
PERFORMANCE (i) i
LEO DUE EAST ; '
100 nm CIRC 600 1180 740 940 00 3800 1800
300 nm CIRC 500 925 $40 760 2500 1250 1500
LEO POLAR :
100 nm CIRC 480 820 $60 20 2300 : 1200 1350
300 nm CIRC 400 750 kTS 570 1900 ;1050 . 1350
GT0 120 240 620-1100 :
RELIABILITY -% 95 - - - - i - -
PAYLOAD ACCOMMODATION é :
DIAMETER - # 2532 | 257028 38 38 50 | 41 1 a
CYUNDERLENGTH-ft | 28:40 | 277040 10 a9 86 ., 8% 839
CONE LENGTH - 1 1325 | 127035 13 33 30 i 3 1 33
INITIAL LAUNCH CAPABILITY 1960 1990 1990 1993 1993 ‘20 mo ‘20mo
{out ot FAOM | FROM
production) GO-AHEAD | GO-AHEAD
COSTFLIGHT - $91 M 1042 15 5 13-14 150 0-12 § f2-15
| .

“Conestoga ! tiew suborbitat in 1980

the orbital plane elfectively precess about the polar axis of
the Earth. When the plane of the second satellite has
achieved the desired separation from that of the first. a see-
ond burn of that satellite’s propulsion can be used to return
the satellite to the same altitude and inclination as the other.
In this case, the excess boost capability of the Taurus might be
used to launch a silent spare. It should be pointed out that
the Taurus system is being designed to be relocatable for sur-
vivability reasons since it was proposed for Space Defense
Initiative (§SDI)yuse. The $DI-postulated requirement for the
system was 10 be able to establish a launch site in five days
and launch asatellite three days later. A convoy of trucks car-
rving the appropnate cquipment provides this capabihity.
Further study is required to determing if this capability s of
any henefit to the tacsat mission.

Scout 1. The NASA Scout vehicle became operational in
1960; as of July 1991 only four vehicles remained. It is a
four-stage, sohid propellant. series burn rocket. The Scout
can deliver 146 kg to a sun-synchronous polar orbit, 460 ib
(220 kg) to a LEO polar orbit (launched from Vandenberg).
or 570 1b (259 kg) to an casterly (37.7 deg) orbit launched from
Wallops Island. Virginia. The Scout is essentially phased out
as a US launch vehicle although itis anticipated that the ftal-
rans will support an enhanced (Scout 2) program in coopera-
tion with US industry. The Italians will launch from San
Marco, off the coast of Kenya.

The minimum Scout launch vehicle-only cost is quoted at
$10M. which increases to $12-13M for full launch scrvice.
This translates to $25.000 to $37.300 per 1b($55.00 to $82.000
per kg). which does not compare favorably with the current
industry average of $10.000 to $11.800 per Ib (322,000 to
$26.000 per kg) for delivering large commeraial satellites to
GTO.

Scout 2. Anupgraded version (Scout 2) has been studied that
can double the payload capability of Scout 1. Strap-onsohds
and an apogee kick motor added to the existing core vehicle
yield the enhanced performance.

Taurus. Taurus is a DARPA development of a Standard
Small Launch Vehicle (SSLV) based on the Pegasus with the
addition of a Pcacckeeper first stage. It will deliver 3,000 ib
(1.364 kg) to LEO or 800 1h (364 kg) to GEQ. Taurus will be
ground-launched and will demonstrate the rapid establish-

ment of a ground mobsle faunch capabiiny. A\ response ume
ot 72 hours trom alert to launch s the goai.

Conestoga. Thiss a commercial development of Space Ser-
vices Incorporated (SS1. which 1s now a division of EER. A
NASA-funded cifort enutled the Commercial Expenment
Transporter (COMET) using commercial business practices
s underway at Westinghouse Electric Corporauon to dem-
onstrate the cconomical development of a rehable launch
and payload recovery system. SSIis providing the launch ser-
vices segment of the program and 1s using rocket technology
developed by Israch Ausrcraft Industry (1AL, rather than sur-
plus LIS government motors, o mcrease rehability and
reduce insurance costs. The family of vehicles s designed for
cvolutionary growth.

Conestoga 11 delivers a payload of 700 th (318 kg) to 250 nm
(463 km) polar orbit. or 4N ib (182 kg) to 400 nm (740 km)
polar orit. - Conestoga IV delivers payloads of 2.000 1b
{19 kg)and 1300 b (682 kg). respecuvely. The vehicle family
s designed to use a relocatable faunch site. Launch is nomi-
nallv from Wallops Flight Facilitv. VAFB. or White Sands
Missile Range. In addition. the vehicles are also designed to
he compatible with proposed Hawan. Flonda, or Cape York
spaceports.

Orbital Express. A contract has been awarded to Internation-
al MicraSpace. Inc. for launch services tor the SDIOs Mima-
ture Secker Technology Integration (MSTD) progiut.
International MicroSpace. of Herndon, Virgima, is offering
its Orbital Express ground-based launcher to deliver a pay-
load of 400 1b (182 kg) into a sun-synchronous orhit. The
Orbital Express has a Castor IVb tirst stage. Castor Isccond
stage. Star 31 third stage. and a Star 20 fourth stage. It1s
expected to be operational in late 1993, and is one member of
a planned family of vehicles.

Pegasus. The US Pegasus is the only system currently avail-
able that provides a mobile, all-azimuth launch platform and
therciore has the potential to sausfy any launch flexibility
requirements of the tacsat mission. The development pro-
gram is a privately funded joint venture by Orbital Sciences
Corporation (OSC) and Hercules Acrospace Company.
Pegasus is a three-stage. solid-propeilant. inentially guided,
all composite, winged launch vehicle based on Trident and
Pershing motor technology. Flights that have been made so
far have uulized a Boeing B-52 1o level-fight conditions at
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approximately 40.000 ft (12.200 m) and a speed of Mach (1.8
After release from the aircraft and ignstion of the Stage |
motor, the autonomous flight control system provides all the
guidance necessary to produce a wide range of suborbital and
orbital trajectories. The development program was hegunin
carly 1987, and the vehicle has been available for launch ser-
vices to both government and commercial users beginning
with its first orbital flight in April 1990. The second flight of
the Pegasus featured a new operational propuision unit and a
guidance upgrade. Alter burnout of the third sohd-fuel
stage, a smali liquid propuisiui: umit, dubbed HAPS (Hydra-
zine Auxiliary Propuision System). functions as a precision
orbital injection kit. Inaddition, 3 Global Positioning System
(GPS) recerver serves as a redundant source of navigation
information. while the Inertial Measurement Unit (IMU)
serves as the primary snurce.  The current configuration.
when air-launched from a B-52 bomber, delivers 750 o
1.000 b (341 t0 454 kg) of payload to a due east orbit and 560
to 750 1b (255 10 341 kg) to a LEQ polar orbit. Improvements
have been identified to increase the payload capability to
2.500 to 3.100 Ib (1136 to 149 kg) to due cast and 1,880 o
2.300 1b (818 to 1045 kg)to L.LEO polar orbits, A Lockheed
1.-1011 is being modified to serve as a commeraal launch
platform. Currently Pegasus gets 95% of its revenue from
government contracting. Cost 1s about $6.5M per fhight to
LEQ. Commeraal flights are being offered at about $4 3M
per tlight to LEO.

LTV Standard Small Launch Vehicle (NSTV). The LTV (Lingy
‘Tempco/Vought) Standard Small Launch Vehicle (SS1V) is
intended to be a transportable. ground-launched vehiele wath
the ability to he rapidly deployed. The response tme goal.
from alert to launch. is 72 hours. Payload requirements range
between the Pegasus and Delta class vehicles (1000 th
(455 kg) into a 400 nm (740 km) polar orbit) and the capa-
bility to launch multiple lightsats into LEQ or single lightsats
into a variety of highly ciliptical orbits, which can maamize
time over a particular theater of operations (4,6, 8. or 12 hour
Molniya orbits). The SSLV proposes to utihze Minuteman,
Polans. or Poscidon stages.

The future availability of this family of vehicles 1s unsure
since LTV 1s bankrupt and the LTV missiie part of the com-
pany Is being auctioned to the highest bidder. Atthis ime, a
bid from a group led by Loral 1s favored.

SEALAR. The Naval Research laboratory (NRL) Sca
Launch and Recovery (SEALAR ) is concerved as a two-stage
liquid-fueled launch vehicle that wouid take off from the
ocean surface. The first stage wouid falf back into the ocean
and be recovered. Its design goal is to lift 10,000 1b (4.545 kg)
into LLEO for $500 per 1b (81,100 per kg). The Navy has
drop-tested a prototype built by Truax Enginecning, Sara-
toga, California. Todate the SEALAR project has been sup-
ported by imited Navy rescarch and development and SDIOQ
funding.

Others. 'There are other US companies attempting to market
small low-cost launch systems. including the American
Rocket Company (AMROC). which is proposing the hybrid
Acquila Industrial Launch Vehicle (ILVY); Lockheed Missile
and Space. which has proposed vehicles based on Sca
[Launched Ballistic Missile (SLLBM) technology, Pacific
Amernican Launch Systems, which is proposing the Liberty
IA vehicie: and E'Prime, which is proposing the Eagle taunch
vehicle for deploying the commercial Irndium satellite con-
steilation. E’Primc is also promoting the “Unified Satellite
Transfer Module (USTM),” which exploits the concept of a
standardized satellite bus integrated as an intninsic part of
the Jaunch vehicle development. OSC is also promoting a
similar concept as part of the Pegasus program. The concept
of astandardized bus may be a way of reducing the cost of the

tacsat mission.  Examples of microbuses in the commercizl
sector that are actually in production include: the European
Space Agency (ESA) Anane Technology Expeniment Plat-
form (ArTEP), the French Matra Janus. the Nalian Italspa-
7io Microsat. and the Brntish University of Surrey UoSat.
built by Surrey Satellite Technology Lid.

6.1.2 Japan

M-V Seres. The first of the M Famuly of vehicles were esther
three- or four-stage all solid-propetiant vehicles made use of
acrodynamic and spin-stabilizaton  control  techniques
Later versions used secondary fuct injection for thrust vector
control in response to an on-board autopilot, and eventually
the control system was digitized 10 increase control ogic
design flexibility and to reduce power and weight needs. The
current production version is the M-3S-11. whose characterns-
tics are bisted in Figure 6.

6.1.3 India

SLV Senes. The Augmented Space Launch Vehicle (ASLV)
can hift 330 1b (150 kg) into LEO. The taunch of the Polar
Satellite Launch Vehicle {(PSLV), planned for March, 193,15
expected to deliver 6.600 1b (3.000 kg) to LEQ. The PSLY.
unlike the ASLV, which is compaosed of four solid stages and
two strap-ons, will use hquid second and fourth stages. T'he
LS has placed sanctions on the Indian Space Research Orga-
mzauon(ISROY (or buying advanced rocket technology trom
Russia. The characternstics of the Indian vehicles are histedin
Figure 8.
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Figure 8. Current and Planned Indian Launch Systems

6.1.4 Israel

Shavir.  'The Shawit (which translates to Comet) s a
three-stage solid propellant vehicle and is a modification of
the Jernicho 1T Intermediate Range Ballistic Missile (IRBM)
The Jericho 1s claimed to be capable of launching a 660 b
(300 kg) warhead. A satellite. Offeq 2, was taunched sucuess-
fulty on 1 April, 199 into an clliptical orbit wath a pengec of
126 nm (210 km) and an apogee of 900 nm (1.500 km). The
satellite weight is estimated to be 352 1b (68 ). The LEU
capacity is an estimated 440 Ib (200 kg) into a retrograde
orbit,
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VLS. The VLS launch system is a conventional solid propel-
lant four-stage system developed from the family of Sonda
sounding rockets. It is designed to deliver 220 to 440 1b (100
to 200 kg) payloads into circular orbits ranging from {35 to
540 nm (250 to 1,000 km) at various inclinations. The nomi-
nal payload is 150 kg into a 750 km circular equatorial orbit.

6.2 Future Planned and Proposed
6.2.1 Australia

A consortium of Austrahan companies led by British Aero-
space, Australia. Ltd is engaged in supporting a joint venture
between Auspace Pty Ltd and Hawker de Havilland Ltd to
develop the Southern Launch Vehicle (SLV) (sometimes re-
ferred to as the Australian Launch Vehicle). The SLV isseen
as a carrier of small satellites into LEO with payloads up to
L5 tonnes. The Association of Australian Aerospace Indus-
tries has also suggested the development of a lightsat plat-
form based on the proven British UoSat microsatcllite tech-
nology. Initial launches would be made from Woomera, but
if the Cape York facility is developed, launches could take
place from there too. Eight to 10 launches per year are
projected.

6.2.2 United KingdomiNorvay

Little Launcher for Low Earth Orbit (LitLEQ). The commer-
cial LittLEQO program is being underiaken by General Tech-
notogy Systems L.td and the Norwegian Space Center (Norsk
Romsenter) to offer a low-cost and reliable means of placing
small payloads into both polar and sun-synchronous orbits
aum a iSuropean launci site. The LitLEQ s a solid propel-
lant vehicle capable of placing a 1.320 1b (600 kg) payload into
a 243 nm (450 km) polar orbit or 1,547 ib (703 kg) into a
162 nm (300 km) polar orbit. It would be launched from the
Andoya Rocket Range (69 deg 17 min N, 16 deg 01 min E).
More than 400 sounding rockets have been launched from
this site. LittLEO could also launch 2,006 1b (912kg) into a
162 nm (300 km) polar orbit from Italy’s San Marco launch
site.

6.2.3 Spain

Capricornio. The Instituto Nacional De Tecnica Acrospacial
(INTA) has announced a new rocket development, the
Capricornio, which is intended to provide low-cost space
transportation for the scientific and communications com-
munity. [t is a three-stage all-solid rocket capablc of placing
11010 220 16(50 to 100 kg) into a 324 nm (600 km) polar orbit.
Tests will be conducted fram E! Arenosillo (Huclva), and
there are plans to buiid a future launch complex in the
Canary Islands.

6.2.4 Commonwealth of Independent States (C1S)

Space Clipper. Yuzhnoye NPO, based in the Ukraine. is pro-
posing an air-launched commercial launch system, spaceclip-
per, which is planned to be available in 1994. The system
consists of an An-124 carrier aircraft and a choice of several
three- or four-stage solid propellant launch vehicles (derived
from the §S-24 missile) that are launched from the cargo bay
of the An-124. A choice of six different solid rocket launchers
has been proposed. The baseline system is capable of deliv-
cring 1,100 1b (500 kg) to LEO and is modularized to provide
six different versions of the vehicie and adapt to a wide van-
ety of orbital requirements. The maximum takeoff weight is
392 tonnes, and the system is claimed to be able to operate
from any airficld capable of servicing a Boeing 747. To avoid
technology transfer restrictions, the installation of the pay-
load can be performed on-board the Antonov at the custom-
er’s airfield. Yuzhnoye plans to modify two An-i24 arrcraft,
and there are more than 100 $§-24s in inventory. It s
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claimed that the combustion products of the Space Clipper
are non-polluting. Yuzhnoye also builds the Zenit commer-
cial launcher. The Space Clipper concept is illustrated in
Figure 9.

PEGASUS (USA) s
s
e —

SPACE CLIPPER (CIS)

Figure 9. Air-Borne Mchile Launch Vehicles

7. BALLISTIC MISSILE-DERIVED TAUNCH
SYSTEMS

As a result of the US/CIS Strategic Arms Reduction Talks
(START) agreements, the use of surplus strategic ballistic
missiles for launching tacsats needs to be considered. There
are, of course. many issues that must be addressed in deter-
mining the practicaiity and advantages of this option. The
factors include the latest trends in the arms reduction talks in
terms of determining the types and numbers of strategic bal-
listic missiles that might become available and any treaty
restrictions on their use as space faunchers; the payload capa-
bility to typical orbits of interest and the payload compart-
ment ¢ mensions; and estimates of the non-recurnng and
recurri . costs. With respect to launch responsiveness, the
land-based ballistic missile on alert status represents the ulti-
mate, with response times in the order of seconds. The cost
and other 1ssues related to maintaining this type of capability
presents the imiting case of launch responsiveness.

The trend in the strategic nuclear warhead reduction talks is
for both the US and the CIS to go in two phases from the cur-
rent total count for all three legs of the Triad of somewhat
more than 10.000 warhcads to 3.000-3.500 warheads by the
year 2003. The first phase reduces the total number of war-
heads to 3.800-4.250 in scven years or less from the execu-
tion date of the treaty Within these overall Triad limits,
there are specific limsts piaced on the Intercontinental Ballis-
tic Missile (ICBM) and Sca Launched Ballistic Missile
(SLBM) forces. At the end of the first phase. the number of
ICBMs cannot exceed 1.200. and the number of SLBMs can-
not exceed 2160, for the second phase these limits are 1,200
and 1,750. respectively. In the second phase there is also a
requirement that all the remaining ICBMs carry only one
warhead cach. while the SL.BMs can continue to carry muiu-
ple warhcads.

7.1 United States

Within the limits outlined above. there are still a large num-
ber of possible distributions of specific missile reductions and
therefore of their availability for space launch. However, as
far as US missiles arc concerned. Table 3 shows a generally
accepted retirement schedule and indicates that, between
now and the year 2000-2003. the Minuteman {Is (MM-1Is)
and the Navy Poseidon (-3 and Trident C-4 missiles will be
retired and may be available for other applications. After
that time period. the Treaty will require Peacekeeper missiles
to be retired because of Multiple Independently-Targeted
Reentry Vehicle (MIRV) timitations and specific de-MIRV-
ing rules. The exact number of Peacckeepers that would be
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Table 3. US Ballistic Missile Retirement Schedule

¢ MINUTEMAN i
- BEGAN "ANSFERRING BETWEEN 20 AND 30 THIRD
STAGES TC STORAGE IN 1991
- 450 WILL EVENTUALLY BE RETIRED
- COMMERCIAL THIRD STAGE (Aerojet Orbus) GIVES
MM-II-DERIVATIVE SAME PERFORMANCE AS MM-lI

& PEACEKEEPER
- RECENT DEVELOPMENT
-~ 50 MISSILES MAY BE RETIRED IN 1995

& POSEIDON C3
-~ NAVY WILL MAKE 100 AVAILABLE TO AF/BMO
- REMAINDER TO BE DESTROYED

o TRIDENT C4
- NAVY WILL RETAIN INDEFINITELY

available then will depend on Congressional decisions for ad-
ditional buys, but the number will be at least the fifty cur-
rently deployed.

Regarding any constraints on the usc of these assets. it s par-
ticularly noteworthy that in contrast to the International
Nuclear Force (INF)(Theater) Tactical Nuclear Missife [am-
itation Treaty, which requires each side to destroy these mis-
siles. the START treaty will not only not require that the
retired missiles be destroved. hut il explicitly permit therr
use as space launchers subject to certain conditions. These
conditions include the following:

® The vehicles must be faunched from existing test ranges
or space launch facilities. including up to no more than
seven new launch pads at the existing sitcs.

® The vehicles cannot be launched from mobile launchers.

¢ The vehicles cannot be launched from an airplane or any
waterhorne platform, other than a submarine.

¢ ‘Telemetry must be transmitted unencrypted. and a tape
supplied to the other party to thc treaty, except for
11 missions per year using fully rctired vehicles that may
return encrypted data.

Figure 10 shows the performance of the ballistic missile
derivatives to four typical orbits.. Although tt currently does
not appear likely that the MM-IIT fleet will he retired.
MM-HI data is presented because the commercially avaii-
able Orbus third stage converts MM-II performance to that
of MM-HI. It is scen that the MM-H and the Poseidon C3
have fairly limited performance. while the MM-11/Orbus has
capability that is closer 10 the tacsat range of interest. The
Peacckeeper has fairly significant capability but may not be
available for other applications untif 2003 and beyond with
the possible exception of the 50 missiles mentioned earlicr.
The volume available for the payload is somewhat smaller
than that of other small launch vehicles. but preliminary
in-house Acrospace studies of small Peacekeeper-launched
satellites with no modification to the external dimensions of
the launch vehicle (so it could still be taunched from a silo if
survivability 1s an issue) indicate it is feasible 1o package
viable satellites. For cases where survivability is not an issue.
the payload fairing can be enlarged to provide more room at
the expense of some performance. Other factors that must
he studied in more detail include the feasibility of designing
satellites to withstand the more severe launch environment
produced by ballistic missiles, that is. the 11 g's acceleration
of Peacekeeper. Again. very preliminary estimates indicate
this should not be a probiem. Finally, the costs. which have
been provided by th Air Force Multi-Service Launch Sys-
tems (MSLS)organization, are secn to be considerably lower
than those of the Pegasus and Scout 11 vehicles presented
carlier on a dollars per pound to arbit hasis. and about the
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Figure 10. US Baliistic Missite-Derived Launch Vehicie
Performance Charactenstcs

same as the Taurus. Once again. controlling sateliite weight
and size 1s seen to provide large dividends in lower launch
COStS.

An opuon that has not been checked for vability or costis to
iaunch tacsats {rom a submanne at the South Pole. The sat-
cllite could be i orbit before 1t crossed the equator. In the
case of S1.BMs the treaty mandates: (a) retining submannes:
{b) reducing the number of warheads per tube: or (¢) sauing
with empty tubes. If the empty-tube option were selected,
the empty tubes could perhaps be used for tacsat launches.

Minuteman Denvatives. Martin Marnetta Launch Systems,
Denver. Colorado. has been awarded a $133M Aur Force
contract to modify 44 MM-1ls for space launch. The basic
contract s for two faunches at $30M. wath options for 42
more. The MM-II has three stages. Martin Manetta will add
a fourth stage (the Orbus. built by Acrojet). bringing itscapa-
hility up to approxamately the same as MM-1I1, and a new
guidance system that would govern the enure booster. First
faunch is expected from VAFB in 1994, launch costs are
expected to be about 36M to S8M per launch. with a future
reduction to $4M per Jaunch.

Polanis/Trident Poseidon Derivatives. Tawkheed Missiles and
Space Company (LLMSC) has proposed using the Poseidon
(-3 submarine missilc as a small space launch vehicle that
couid deliver 700 1b (318 kg) to a 270 x 270 nm (500 x 300 km)
70 deg orbit. There are about 60 C-3 vehicles in storage.
Other options include the Trident 1 C-4 and the Trident 11
D-5. The C-4 could deliver 1200 1b (545 kg) to LEO: the D-5
could deliver 2000 15 (909 kg). 1t should be noted that, at this
time. it does not appear that the US Navy will make subma-
rine missiles available for conversion and. in fact. has
plans to destroy any surplus hardware resulting from treaty
negotiations.

7.2 Commonwealth of Independent States (CIS)

The CIS has surplus ballistic missile hardware it would like to
exchange for hard currency. The ex-Sowvict space organiza-
tion. Glavkosmos, has reorganized to market joint Russian-
Kazakhistan space launch services (cooperation is needed
since the Baikonur Cosmodrome is located in Kazakhstan.
which has formed its own national space agency)and has test
flown a converted $S-19 missile: there are about 300 §5-19
missiles in inventory. each capable of carrying six nuclear
warheads. The smaller $S-25 can carry only a single war-
head. but there are more than 300 in the military's inventory.
The world's most powerful ICBM. the $5-18. has also been
proposed as a space launch vehicle. This vehicle can launch
up o a dozen small (100-200 1b or 45-91 kg) satelhtes into




orbit for less than $30 and s claimed to have all-weather
capability, There are estimated to be more than 300 55-18
missites 1n the CIS. START calls for a 100% reduction in
that force.

There s concern on the part of the US commercial space
launch industry that the ex-Soviet surplus space hardware
will be dumped on the world market. ‘This may justify a US
agreement to convert the ex-Soviet surplus bailistic missiles
that are not destined for destruction into space launchers
that are held in reserve and only launched in the common
mterest of world peace. 1in response to critical theater warfare
needs.

7.3 Europe

7.3.1 United Kingdom {UK)

Malcolm Rifkind, a defence secretary in the British Ministry
of Defence, announced on June 15, 1992, that the only nu-
clear weapons Britain will retain will be a handful of WE-177
gravity bombs (as part of its commitment to NATO) and its
strategic Polaris missiles. There is a debate over what, if any-
thing. should be done about the Polaris-replacing Trident
program that is scheduled to carry 128 nuclear warheads on
16 Trident missiles. If the Trident program is continued as
presently scheduled. it is possible that some surplus British
Polaris missile components will become available. although
they wall probably become part of the TS inventory.

7.3.2 France
France has not released a policy statement on the future of
any French surplus ballistic missiles.

7.4 Others

[t is possible that both China and the CIS could, in the Tuture.
market ballistic missiles to developing natons. The future
will probably see a profiferation of ballistic missies through-
out the world. China. for instance, has a large inventory.
which 1t has shown no inclination to reduce. Other smailer
countrics that feel threatened by their neighbors are more
likely to add to, rather than reduce, their inventory of ballistic
missiles.  The wide availability of these weapons could
encourage the rise of dangerous despotic regimes anywhere
in the world. and establishes a strong case for conducting
detailed tacsat studies.

8. FAR-TERM LAUNCH SYSTEMS

I'he emphasis of this paper is on current or near-term launch
system options.  However, tacsat studies also need to look
into the next century, when the need for such systems may
intensify. A number of advanced systems are being investi-
gated that may have apphication to future tacsat missions.

8.1 United States

8.1.1 Single-Stage-To-Orbit (SSTQ)

A single-stage-to-orbit vehicle has long been the desire of
many spacc transportation planners because of its potential
for reducing operational complexity and cost, and providing
launch-on-demand capability for critical military systems.
The SDIO has examined a number of SSTO configurations
to satisfy postulated SD10 mission launch requirements. and
selected the McDonnell Douglas Delta Clipper for further
study. The Single-Stage-Rocket Technology (SSRT) Pro-
gram is now underway at McDonnell Douglas to validate
some of the critical technologies. A sub-orbital flight from
White Sands 1s planned for 1993.

The generie SSTO concept has some technological aspects in
common with the National Aerospace Plane (NASP) pro-
gram described below. However, the long-term NASP effort
(the X-30 program) is focused on building an air-breathing
SSTO technology demonstrator, with plans for a
NASP-derived operational vehicle, whereas the S§TO effort
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would be focused on building a prototype operational
rocket-powered SSTO vehicle.

8.1.2 Two-Stage-To0-Orbit (13T0)

Several US contractors have presented plans for developing
a Two-Stage-To-Orbit (FSTO) system where aither one or
both stages are fully reusable. Although such concepts have
been under study since the early 1960s, they are presently
vnly contractor Independent Research and Development
(IR&D) programs 1n the very carly concept exploration
phase of acquisition.

8.1.3 National AermvSpace Plane INASP)

The NASP Program has the overall goal uf providing the
technologieal basis for future hypersomic thight vehicles for
application to both civihan and military svstems. Currently,
because of budget constraints, funding 1s being focused on
power plant technology. The NASP propulsion systems are
to be largely air-breathing. consisting of combined ram-
jet-scramjet engines fueled by slush hydrogen. The X-301s
not a pratotype of any specific mititary or civilian system but
will be uscd to demonstrate the requisite technology for such
futurc systems. including wrplanes with hypersonic cruise
capability and fully reusable launch vehicles for payload
delivery to orbit. These vehieles will use conventional run-
ways for takeolt and landing. A Nauonal AcroSpace Plane
(NASE) Derved Vehicle (vIV) would be an operational
follow-on o NASP. An Interim NASP that would fly opera-
tional sub-orbital advanced tacsat missions has been sug-
gested as o candwdate for supporung tacsat missions that
could evolve o the next century, The NASP concept 1s illus-
trated m Figure 11

HOTOL (UK)

P
{//

—~—— ]

NASP (USA)

Figure 11. Representative Horizontat Take-oft Single Stage
Launch Vehicles

8.2 Europe

Several European nations are investigating advanced fully or
partially rcusable launch vehicles that may eventually need
to be considered as space launchers for tacsat missions,
the major ones being France. Germany, and the United
Kingdom.

8.2.1 Germany

Sanger. The Sanger 15 a reference concept for the German
Hypersonics Technology Program. Currently the vehicle
concept is a two-stage fully reusable system. The program
was initiated in 1988 and will be executed in several consecu-
tive phases. The current Phase 1is planned to continue uatil
the ¢nd of 1992, with a possible extension of two to three
years. The results of the program so far have confirmed the
reference Sanger concept theoretically and expenmentaily.
Only one change has been made to replace the expendable
cargo version of the second stage by a reusable unmanned
version. The program is increasing the participation of inter-
national partncrs, which should lead to a program proposal
1o ESA. Bencfits of the Sanger concept are that it would pro-
vide a launch capability from continentat Europe, and its
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mobility would permit 1t to take advantage of equatonal
launch of the final stage. The Sanger concept s illustrated in
Figure 12.

AN-22SANTERIM HOTOL (UK/CIS)

wCERM
»OTOL

i s S . "
- .
.

SAVIEY AN-229
CARRIER ARCAAFT

SANGER (Germany) e

Figure 12. Representative Hornizontal Take-off
Two-Stage Vehicles

8.2.2 United Kingdom

Horizontal Take-Off and Landing (HOTOL.). The onginal
ambitious HOTOL program s currently unfunded.  The
engine concept for the HOTOL. developed and patented by
Alan Bond has been declassified. but the Rolls-Royee
RBS454 design is stll held proprietary.  The engine s g
pre-cooled. air-breathing rocket that utilizes wr entenng
through a V-wedged intake. The air 1s shocked down to sub-
sonic speeds and passed through a senes of heat exchangers
and turbocompressors until it reaches rocket chamber pros-
sures. Liquid hydrogen and liquified wr fuel the first phase of
engine flightup to Mach 5.5 atan altitude of 98.430 £t (30km)
Onboard liquid oxygen and hydrogen 1s used for the remain-
der of the flight. HOTOL shares technology needs with the
1JS NASP but 1ts future 1s uncertain. it s 1llustrated in
Figure 11.

8.3 United Kingdom/Russia

Interim HOTOL. A joant British/Russian development to fly
an interim version of the British HOTOL on the Russian
Antonov-225 “MPIR” heavy lift aircraft is underway. Succes-
sful wind-tunnel tests at simulated speeds of Mach 1.5 and
{4 have been conducted at the Central Aerohydrodynamics
Institute (FSAGI) in their 1-128 wind tunnel in Moscow. The
three organizations have signed agreements among them-
selves as well as with their respective governments.  British
Acrospace is defining the Acrospaceplane and airborne
support systems. Limited resources are available. but the
European Community Commission has been approached by
British Aerospace for support since the commission has said
it would entertain joint European/Soviet (now CIS} aero-
space ventures.

The vehicle is planned to carry a payload of 15400 to
17.600 1b (7.00€ to 8.000 kg) into LEQ after being launched
from the An-22J5 at an altitude of about 29,500 ft (9 km). The
An-225 requires the addition of two extra Soviet D-18
engines. Rolls Royce replacement engines were considered
to avoid installing additional engines but was rejected as not
a cost-etfective modification. The concept is illustrated in
Figure 12.

8.4 Others

The ex-Soviet Union has conducted advanced partatly and
fully reusable vehicle research and testing for many years. In
November, 1991. for instance, the Cen:ral Institute of Avi-
ation Motors, Moscow, claims to have conducted the first test

flight of a hydrogen-tueled scramjet engine. The test thight
was of a mssile-hke vehicle powered by a convenuonal
rocket engine to an altitude of about 16 am (30 km). A ramjet
engine then ignited and aceelerated the vehicle to a speed of
Mach 6. Dunng the flight, supersomc combustion occurred.
Attempts are being made to market ex-Soviet resources 10
other nations. such as the US, France. Germany, and Japan.
Several other nations, inciuding France. Japan, and Induia
have examined advanced reusable vehicles. both two-stage
and single-stage. The world-wide decreasing space budgets
will make international cooperative ventures most likely 1in
the future.

9. LAUNCH SITE CONSIDERATIONS

The orbit requirements tor the GEO and LEQO missions dis-
cussed carher can be met by launching from the two main
faunch sites in the US, Cape Canaveral in Flonda, and Van-
denberg in California. Figure 13 shows the orbitinchnations
that are achievable from cach of the two sites. All targets at
inclinauons equal to or less than 57 deg can be reached from
Cape Canaveral, while the higher inchinauon orbits | includ-
ing polar and sun-synchronous. are aceessible from Vanden-
berg. The Atlas or Delta boosters would launch the GEO sat-
cllites due east out of Cape (Canaveral, while single 1.EO
sateliites could be launched on the small launch vehicles or
ballistic missie-dernivatuves from cither launch site. Large
muiti-satelhte constellations. such as Indm-hke concepts
could be taunched by Delta or Atlas T out of Vandenberg
An Atlas [ padis being built at Vandenberg  For the balhistic
musstle-denvatives. the launch site at Cape Canaveral would
have o be re-acuvated. and dedicated haunch sites would
need to be established at Vandenberg The estimated
cost for an ahove-ground ballistic missiie-denvative space
launcher pad 1s about $SM. The wr-mobile Pegasus offers
launch platform survivabihity and the maximum flexibility in
launch site location and orit inchination. An advantage of
the Pegasus 1s that for target arcas at latitudes lower than the
28 deg of Cape Canaveral, launching at inchnations equal to
the target latitude provides an orit that allows the satelbte
MOFC consceutive passes over the target than the two times
per day achievable if it were launched from Cape Canaveral
It should be noted that a cost penalty 15 incurred to explont
this advantage.

Table 4 hists the coordinates of most of the space launch sites
that exist{or in some cases are pianncd or are mactve ) in the
world, and Figure 14 shows their distnbuuon. The flud
global environment that s bound to cxist in the future and
the fact that tacsat mission wall most inkeldy be multinguonal
in naturc (and perhaps a UN responsibility) require the con-
sideration of sharing launch facihities. he [tahan site at San
Marcos. off the coast of Kenya. the French site at Kourou.
French Guiana. and the Brazihian site at Alcantara are inter-
esting because they afford the direct launch inchnation orbits
for lower latitude targets. The relocatable Taurus would be a
candidate for using non-UJS launch sites but, again. a
cost-effectiveness analysis would need to be camed out. The
U.S. Pegasus, the proposed CIS Space Clipper commercial
orbital injection system, the UK 'CIS Intennm HOTOL. and
the German Sanger could also be launched from muluple
launch sites.

10. CONCLUSIONS/RECOMMENDATIONS

While it 15 next to impossible to predict with certaimnty the
cnvironment of the future and what peacckeeping military
capability will be demanded in tha: environment . there are
some things that, in the long-term, appear inevitable:

* There will be a prolifcration of tugh technology weapon
systems around the world in the hands of nation-states
that had not previously had access to such weapons.
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® Many of those systems and platforms will have the capa-
bility to deliver devices of mass destruction, 1., chemi-
cal. hlogical. and nuclear deviees.

® Muany of the countries that have such weapons wili have
natonal goals that arc inconthervath the mterests ot the
US. its NATOY allies. and other navons dediciated o
world peace

* Some of the countries who have such weapons will be

Table 4 Global Fixed Space Launch Sites
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® Notonly will such countries possess threatening military
capabilitics, they will also (eventually) possess the sur-
velllance and reconnaissance capabilitics to observe LS
and allied activities and be able to deliver thir weapons
at long range with precision.

* The response to unwarranted aggressive behavior., inor-
der to be effective, will have to be very rapid multina-
tional action, resgling in severe coordination prob-
lems in command.  control,  communication,  intelli-
gence-gathenng and distribution. and treaty and arms
control venfication.

I'hese changing environmental conditions. which are conjec-
tured to evolve over the next thirty years. place increasingly
demanding rcquirements on tactical orbital systems and
hence on responsive launch services.  The integrated need
for faunch services. ranging from small current launch
vehicles, such as Scout, to advanced future launch systems,
such as NASP. must be assessed in the light of the expected
near-term and far-term tactical mission requirements. This
paper characterizes the range of launch services that could
satisfy tacsat nceds and documents the best available infor-
mation on the corresponding launch systems. 1tisconciuded
that the tacsat missions identified herein can be adeyuately
supporied by US launch vehicles launched trom the conti-
nental US. However. numerous other options are avinlabie
and need careful study by the tacsat designer or planner. A
hibliography 1s provided to idenufy additional source maten-
al on some of the launch systems.
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1. SUMMARY

The ability of a tactical satellite (TACS AT} space system to fulfill
its mission application with the desired capability, responsive-
ness, reliability and survivability, while at the same time achiev-
ing low cost objectives, is a tremendous challenge that can only
be met if all of the system segments - launch, space and ground -
contribute to meeting mission unique requirements. The emerg-
ing concepts for the development. deployment and operation of
cost-effective TACSAT space systems are especially dependent
on the flexibility and operability of their launch vehicle and
spacecraft bus systems. Orbital Sciences Corporation {OSC) has
privately developed two flexible yet cost-effective space launch
vehicles - Pegasus® and Taurts™ - witb significant and unique
operational capabilitics that enable TACSAT space systems to
meet these challenges. The Defense Advanced Research Projects
Agency {DARPA})has sponsored the first Jaunch of both systems.
with follow-on launches scheduled in support of U.S. Air Force,
NASA, SDIO and commercial programs. In addition. OSC has
developed a flexible, cost-effective, spacecraft bus - PegaStar™
- that makes common use of the Pegasus or Taurus final stage
avionics and structure in an integrated systems approach, thereby
optimizing the mass and volume available for payload sensors.
PegaStar spacecraft for the Air Force and NASA are now in
engineering and production.

2. INTRODUCTION

‘The world today is a different and changing place, characterized
by dramatic and rapidly evolving new geopolitical, economic and
national security structures and relationships. In response, the
United States’ and its allies’ national military strategies and
national security infrastructures that support them must now
depart from the principles that have shaped them since the end of
World Warll. These strategies and infrastructures, whichevolved
to contain the spread of Communism and deter Soviet aggression,
must now shift dramatically to focus on regional crises and wars.

The threats of this new world can be best characterized as
unpredictable and complex - where will they occur, how fast must
be the response, what will be the sophistication level of the
weapons, who are the combatants, what are the political and
military goals, etc? The United States’ military force structure for
employment against these threats will be characterized by fewer
in number, more cost-effective systeins, fewer forward-based
elements, and much lower active-duty manpower.

‘The cperational imperatives to be addressed in the empioyment of
these forces will be characterized by: (1) “come as you are”
conflict scenarios; (2) response to rapidly unfolding crises with
afew critical engagements; (3)long-range application of power;

{4) high levels of responsiveness and flexibility for all systems:
(5) situational awareness on a non-linear battlefield; (6) maneu-
verability: (7) coupling of national and theater lgvels of com-
mand, control, and intelligence: and finally (8))jointinternational
operations.

Some of our first insights into this new world of tomorrow's
conflicts come from analysis of results of the Gulf War. One of
the most dramatic was the importance of space systems to all
aspects of the planning, execution, and success of this war
Current space systems, which had evolved in support of the cold
war and strategic requirements. were called upon to provide
direct support to tactical warfighters. Many high-level military
and civilian leaders characterized the conflict as the first “'space
war™* - a war in which space systems were absojutely essential o
both the execution of the conflict and its success.

The capabilities of these current space systems to support a broad
spectrum of tactical warfare mission areas was impressive con-
sidering their heritage, but in many cases. their lack of flexibility
and responsiveness impeded their performance. If the six months
prior to the conflict had not been available to sigmficandy adjust
and modify their space-based architectures and ground systems.
the level of support would have been significantly degraded.
Also, if the conflict had extended in time. some $pace assets
would have probably nceded immediate replacement - which
would have been very difficult due to the responsiveness and
availability of spacecraft and launch vehicles.

These and other lessons from the Guif War on space systems
support to the tactical user will be the stimulus for the entre
national security community to re-evaluate the warfighting re-
quirements for future space systems and the infrastructure needed
t0 meet these requirements. The resulting future space syslems
will no doubt include TACSAT systems that will emphasize
flexibility, responsiveness and cost-cffectiveness in meeting the
changing U.S. and Allied national security requirements. Many
of the other papers in this symposium will probably address the
architectures, requirements. sensor system. ground systems and
employment strategies for these systems. Orbital Sciences Cor-
poration has developed two launch vehicles and a spacecraft-bus
that will provide flexible, responsive and cost-effective launch
and on-orhit performance for future TACSAT systems.

3. PEGASUS
3.1 Introduction

The flight-proven Pegasus air-launched space booster {Figure 1)
provides a cost-cffective. reliable. and flexible means for deliv-

Presented at the AGARD Avicnics Panel’'s Symposium on “TACSATS FOR SURVEILLANCE. VERIFICATION and C317,
Brussels, Belgium, 19 - 22 October, 1992.
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ering sateilites into low Earth orbit. The vehicle's first launch on
5 April 1990 placed 8 DARPA sponsored, National Aeronautcs
and Space Administration (NASA) Goddard Space Flight Center
(GSFC) built 192 kg (423 1b) payload into a 505 x 685 km (273
x 370 nm) 94 degree inclination orbit. This launch validated the
vehicle's unique air-launch concept, simple, robust design and
horizontal integration methods. The second launch on 17 July
1991 delivered seven DARP/. sponsored smali experimental
communication sateilites, (Figure 2) weighing a total of 196 kg
{431 1bs), into a 352 x 500 km (190 x 270 nm) 82 degree
inclination orbit. Even though this orbit was lower than desird
due to a staging anomaly, th: second launch demonstrated the
vehicle’s robustness and capability to deploy mulliple communi-
cations payloads.

Figure 2. DARPA mirasats flown on F2 mission.

Pegasus. which holds a United States patent, is the product of a
privately funded, three year joint venture of Orbital Sciences
Corporation and Hercules Aerospace Company. The first two
Pegasus missions were funded by DARPA as part of its Advanced
Space Technology Program ( ASTP) through the Advanced Sys-
tems Technology Offices (ASTO). Suppornt was aiso received
from the NASA Ames Dryden Flight Research Facility (DFRF)
and the Air Force Space Division through agreements with

DARPA. The vehicle’s proven design and low cost have led
its selection as the U1.§. Air Force Smali Launch Vehicle (SLV),
the Strategic Defense Initiative {SDIO) Experimental Satellite
Expendable Launch Vehicie sysiem (ESELVS) and for the
NASA Small Expendable Launch Vehicle Services (SELVS)
program. It has also been chosen to fly uternational and
commercial missions. The vehicle s currendy in production with
ten payloads currently mamifested for launch in the nexteighteen
months, and a targeted future average launch rate of approxi-
mately six vehicles per year. Anincreased performance version,
Pegasus XL, is under development with a first flight scheduled o
oceur in late 1993,

Pegasus’ unique aur-launched approach provides unmatched
operational flexibility. Pegasus is mated to the carrier awrcraft and
following pre-flight testing, the vehicie is camied to the launch
point. which can be virtually any distance from the integration
location. The carrier aircraft flies a pre-planned flight path o the
designated faunch potnt at which ume the fhight crew commands
the launch of Pegasus.

3.2 Vchide Description
The standard Pegasus vehiucle i Figure 3315 15.2 m (50U long, has
adameter of 1.3 m (50 in), and weighs 19.000 kg (42,000 lbm).
Pegasus XLis 17.41m (57 fu) long and weighs 22.600 kg (49,800
Ibmi. Major components for both vehicles include:
+ three graphite composite. solid-propellant rocket motors.
« afixed. high-mounted graphite delta wing,
« an alummnum aft skirt assembly.
* three moveable graphite composite fins,
» a graphite composite aviomcs/payload support structure,
and
* aiwo-piece graphite composite payload faming.
Optional subsystems include
¢ two payload separation systems. 5% cm and 98.5 cm (23 3
in and 38 8 in}n diameter,
+ arestartable Hydrazsne « N Ha) Auxihiary Propulsion Sys-
tem (HAPS), fourth stage and
» the PegaStar integrated spacecraft bus.

The vehicle's three solid rocket mowrs and payload {airing were
developed for Pcgasus by Hercules Aerospace. The 6.7m (22 ft
span carbon composiwe delta wing provides lift dunng the early
phases of flight. Three electro-mechanical actuated foam core
graphite composite fins provide aerodynamic control throughout
Stage | operation. Pitch and yaw control dunng Stage 2 and
Stage 3 burn is provided by electro-mechanical thrust vector
control (TVC) actuators. Roll conirol after Stage | separation,
and three-axis contol during coast phases and post orbital
insertion maneuvers, is provided by SSN(12.51bfand 1HON (25
Ibf) nitrogen cold gas thrusters located on the avionics sub-
system. The graphite composite avionics structure and alumi-
num honeycomb deck support the payload and most vehicle
avionics. A 1.3 m (50 in) outside diameter pyrotechnically
separated two-piece graphite composite clamshell payload fair-
ing eocloses the payload. avionics subsystem, and Stage 3 motor.
Two standard marmon clamp type payload separation systems
(23 and 38 inch diameter) are available to support spacecraft
deployment. The optional HAPS, fourth stage provides up to 73
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Figure 3. Pegasus cutaway.

kg (160 Ibm) of N1k for orbit raising and/or adjustment. When
combined with the Pegasus standard on-board Global Positioning
System (GPS) receiver, HAPS provides autonomous precision
orbit injection capability. The PegaStar integrated bus will be
discussed later.

The Pegasus avionics system is simple, robust, and reliable. The
vehicle's flight computer has two processo:s. A Motorola 68020
Central Processing Unite (CPU) commands all flight events and
executes the vehicle's autopilot program. A Motorola 68000
CPU supports the autopilot processor and processes all vehicle
telemetry. Aninertial measurement unit (IMU) provides vehicle
attitude, velocity and navigation information. All remote avion-
ics units, which include Pyrotechnic Driver Unites (PDUs),
Telemetry Multiplexors (MUXs), Thruster Driver Units (TDUs),
and Thrust Vector/Fin Actuator Controllers, have integral micro-
processors and communicate with the flight computer using
digital RS-422 communication lines, All significant vehicle
performance parameters are transmitted to the ground during
flight using a single 56 kbps S-band telemetry channel. The six
channel GPS receiver provides continuous position and velocity
information to minimize the effects of IMU gyroscope drift and
accelerometer bias errors.

3.3 Vehicle Integration

Final integration for Pegasus requires a minimum of ground
support equipment (GSE) and facilities. Prior to being delivered
to the field integration site, all components are integrated and
tested to the highest possible levels. The vehicle is integrated
horizontally (Figure 4), at a convenient working height which
allows casy access for component installation, inspection, and
test. Articulated transportation doliies eliminate all requirements
for lifting motors in the field. Integration and test procedures
enable vehicle components and subsystems to be thoroughly
tested before and after final flight connections are made. Several
“fly to orbit™ sumulations which exercise all acluators and pyro-
technic initiation outputs are conducted prior to launch.

Figure 4. Horizontal vehicle and pavioad integration.

3.4 Launch Operations

Pegasus launch operations combine launch vehicle and arrcraft
operations, with emphasis on simplicity, flexibility, and opera-
tional discipline. The launch location flexibility inherent in
Pegasus can significantly increase payload capability and orbital
flexibility by eliminating many of the launch azimuth restrictions
often imposed by fixed launch sites. After integration. mating o
aB-520rL-1011 carrier aircraft and pre-flight testing, the vehicle
is carried to the launch point. which can be virtually any distance
from the integration location. For launch, Pegasus s carriedtoa
nominal level-flight drop condition of 12.200 m (40.000 ft) at
high subsonic velocity. After release. the vehicle free falls to
clear the carrier aircraft, while executing a pitch-up maneuver to
achieve the proper attitude for motor ignition. After Stage |
ignition. the vehicle foliows an autonomously guided. lifting-
ascent trajectory to orbit. Future missions will incorporate GPS
into the tracking and guidance system of Pegasus resulting in an
autonomous range capability.
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3.5 Payload Capability and Interfaces

Pegasus’ payload capabilities o polar orbits (assuming a 36
degree launch latitude ) are summarized in Figure 5. Information
regarding payload performance to elliptical and other inclination
orbits, payload services and payload environments can be found
in the Pegasus Payload User's Guide. The standard payload
fairing (Figure 6) can support payloads as farge as 2.21 m (87 in)
long and 1.1 m (44 in) static diameter. The fairing can be
extended inlength 15 cm (6 in) increments up to 60cm (24 in) and
access doors can be repositioned or added as optional services.

3.6 Pegasus Operational Flexibility for TACSAT Applica-
tions

The Pegasus air-launched space system is unique in its capabili-
ties to enable truly flexible, respoasive, cost-effective access to
space. These enabling capabilities, when combined with a
modular spacecraft bus such as PegaStar and evolving sensor
concepts, offer dramatic new possibilities in meeting the evolv-
ing national security requirements of tomomrow’'s world. The
Pegasus system can be integrated and operated from remote
secure airfields anywhere in the world due to its simplicity and
minimal facilities and manpower needed. Dispersal of several
Pegasus systems over a wide geographic area could also provide
survivability levels unachievable by current launch systems.

With pre-planned positioning of vehicles and facilities, a Pegasus
launch could be called up in hours - not days - to support new
operational needs or reconstitution of an on-orbit asset. Since no
pad refurbishment is required, quick turnaround in hours - not
months - is also possible. Using more than one carrier atrcraft and
integration {acility would allow surges of multiple launches in a
single day if required. All of these scenarios for operational
empioyment could be accomplished by small military orcontrac-
Or teams.

Pegasus’ omni-inclination launch capability (especially using
OSC’s autonomous range concept) provides umque flexsbibity to
meet mission requirements and eliminate doglegs. thus improv-
ing payload performance W orbit. This capability also provides
for first pass coverage of any point on the earth. Also of key
operational importance is the minimal unpact of weather on
Pegasus launch system availability. Other than typical aircraft
flight limitations, flight to the drop powmnt above most weather
systems is possible with a flexibility to adjust W new drop pownts
inreai time. There are aiso no trajectory hmitations due (o upper
air winds, thus the Pegasus launch system readiness rates far
exceed ground launched systems.

The Pegasus launch system provides nauonal sccurity space
system strategists and planners with unique capabilities which
when combined with evolving smalil spacecraft bus and sensor
technologies, can enable flexible. responsive. cos -effecuve and.
wn some cases, undreamed of support to the warfighters inmeetng
new and evolving national security requuements.

4. TAURUS

4.1 Introduction

The Taurus™ space booster has been developed to provide a
capahslity toquickly and efficiently integrate alaunch vehicle and
payload for the rapd launch of small satellites from either a
remote or fixed launch site. This ground ransportable launch
system is ercctable within five days of amval at a "dry pad”
launch site and. after set-up. respond to a Jaunch-on-demand
requirement within 72 hours. Initial lsunch capability of the
Taurus fauach system will occur in the firsthalf of 1993, The first
flight of the Taurus Standard Small Launch Vehicle (SSLV) s
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sponsored by DARPA and will deliver a Dol pavioad to a low
Earth orbit. The launch vehicle and system developed to satisfy
these DoD requirements has afso been designed to respond
comunercial launch service applications requiring beuter response
w meet market opportunities and with less bottom line impact
More capable Taurus configurations arc being developed for
introduction in 1994.

0OSC has endeavored to develop user-iriendly electrical and
mechanical payload interfaces which facilitate integration of a
wide variety of payloads. The Taurus vehicle's simple. robust
design ensures maximum reliability and significantly reduces
launch site manpower testing and support infrastructure require-
ments. Horzontal integration methods gready stmplify vehicle
assembly and payioad utegration.

The Taurus space booster launch system currenty in develop-
ment as the SSLV for DARPA i< a four-stage solid-fuel design
composed of the flight-proven Pegasus motor stack and avionics
mounted on top of a Thickol TU-903 (Peacekeeper) solid rocket
motor. (A Thiokol Castor 120 motor. aow 1 test. will be used on
the commercial Taurusy. The Taurus SSLV svsiem s composed
of a flight vehicle and ground support vquipment designed for
casy transportability and rapid setup and launch from an unim-
proved concrete pad or from a modest fined ganuy, All propul-
ston elements of the DARPA Taurus vetucle have been tlight-
proven on the Pegasus or Peacekeeper proprams  The remaining
Taurus subsystems are virtually wdentical W those successfully
flown vn the Pegasus vehicle.

‘The standard vehicle design, shown in Frgure 7. incorporates six
majorelements: foursolid fucled stages, a pavioad fairing and an
avionics assembly.  The Pegasus-derived motors retain their
Stage 1. 2 and 3 designatoens from that program: the Thiokol
Castor 120 is designated Stage U. The vehicle s designed to be
integrated and tested at a Jaunch site mtegration facility after
completion of all stage-level assembly and testing at the factory.
This procedure is fess complex and more cost-ffective than the
procedures required for larger ground-launched vehicles which
proceed througha full integrated factory svstem test followed by
disassembly into stages for shipment and subsequent reassembly
and second integrated systems test at the launch pad. With final
integration and testing only at the launch mntegrauon site, the
Taurus approach minimizes the handling of the solid rocket
motors while simultancously streamtining the vehicle acceptance
testprocess. Extensive factory testing by bothOSC and its vedors
ensures thatall hardware is ready for flight once st reaches the pad.

A complete set of standard and optional services 15 available to
support specific payload requirements including: inertial orien-
taton prior to separation: direct down-hink of critical payload
telemetry during prelaunch operations and launch: electrical
power for payload heaters and other payload components during
prelaunch operations; payload fairing access doors and Radio
Frequency (RF) windows: filtered. conditioned air and dry
nitrogen for purge of the payload envuonment dunng launch
integrations.

For launch, Taurus is transported to the launch site using a wade-
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Figure 7. Artist’s concept of Taurus lifi-off.

body flatbed truck for Stage 0 and an assembly integration trailer
(AIT) for Stages 1, 2,3 and the fairing with encapsuiated payload.
Stage 0 is received directly from the factory in a ready for flight
configuration. Stages 1, 2 and 3 are received and tested at the
launch site integration facility prior to arrival of the payload.
Payload integration and testing usually requires no more than two
weeks with Stage 3 mating, payload closeout and encapsulation
occurring 96 hours prior to launch.

4.2 Vehicle Description
Major vehicle components as shown in Figure 8 include:
+ four composite case solid-propeilant rocket motors,
* 3.axis inertial attitude control,
* on-board global positioning system (GPS) receiver for
navigation accuracy,
¢ graphite composite avionics/payload support structure,
and
* two-piece honeycomb composite payload fairing with
over 5.15 m3 (175 ft3) available for satellite payloads.
Option subsystems include:
* 985 m (38.8 in) payload separation system,
* restartable Hydrazine (N;H4) Auxiliary Propulsion Sys-
temn (HAPS), and
* PegaStar integrated spacecraft bus.

The Taurus vehicle’s four solid rocket motors and payload fairing
use flight-proven technology derived from Pegasus and other
operational systems to provide an innovative, cost-effective
approach for delivering a spacecraft to orbit. Pitch and yaw
control during Stage 0 operation is provided by a hot gas driven
turbohydraulic thrust vector actuation (TVA) system. Pitch and
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Figure 8. Taurus subsystems.

yaw control during Stage 1 operation is accomplished with acold
gas blowdown hydraulic TVA, while Stage 2 and Stage 3 pitch
and yaw control is provided by electro-mechanical thrust vector
control (TVC) actuators. Roll control after Stage 1 separation is
provided by 55N (12.5 1b) and 110N (251b) nitrogen cold gas
thrusters located on the avionics subsystem. The graphite com-
posite avionics structure and aluminum honeycomb deck support
the payload and most avionics. A 1.6 m (63 in) outside diameter
pyrotechnically-separated, two-piece graphite composite pay-
load fairing encloses the payload. Fairing halves are retained by
a base aluminum attach ring, two externally mounted clamp-
bands and an intemal mounted forward attach bolt. Separation is
accomplished via amarmon clamp at the base aluminum ring and
redundant bolt cutters at the clamp assemblies and forward attach
bolt. Fairing hinges and hot gas actuators ensure positive
controlled fairing separation. An optional 38 in Marmon clamp




payioad separation system is available. The optional HAPS
provides up to 73 kg (160 ib) of N, for orbit raising and
adjustment. When combined with the Taurus standard on-board
Global Posiioning System (GPS) receiver, HAPS provides au-
tonomous precision orbit injection capability. The opuonal
PegaStar integrated spacecraft bus will be discussed later.

The Taurus avionics system is simple, robust, and reliable. Allof
the hardware components are identical to those used on Pegasus.
with the exception of the addition of a reate gyro package to the
base of Stage 1 and hamess modifications to accommodate Stage
0. The software programs are identical except for the addition of
Stage 0 function and mission peculiar modifications.

4.3 Vehicle Integration

Tausus field integration is straightforward and requires a mini-
mum of launch supportequipment (LSE) and facilities. Allofthe
[.SE is transportable and capable of setup at remote austere sites.
The vehicle is integrated horizontally at a convenent working
height which allows easy access for component instatlation, wst
and mspection. The use of standard serial RS-422 commumica-
tion protocols throughout simplifies vehicle winng, streamlines
avionics testing and integration and signiticantly reduces test and
custom LSE requirements.  The integration and test process
ensures that all vehicles components and subsystems are thor-
oughly tested before and after final flight connections are made
Several “fly to orbil” simulations exercise all actuators and
pyrotechnic initiation outpnts. Taurus integration activities are
controlled by a comprehensive set of Work Packages (WPs)and
Procedural Guides (PGs), which describe and documentin detail
every aspect of integrating the vehicle and its pavload.

4.4 Launch Operations

Taurus launches can be conducted from either of the Department
of Defense’s Eastern or Western Ranges (ER/WR) as well as
(rom the National Aeronautics and Space Admunistration(NASA)
Goddard Space Flight Center’s GSFC) Wallops Flight Faciluy
(WFF)Range in Virginia. The first Taurus launch for DARPA 15
scheduled for the first half of 1993 from Vandenburg AFB ontwo
the Western Range using only a simple concrete pad to set up
0SC’s transportable launch support equipment. OSC's commer-
cial Taurus launch service will be conducted utilizing a modest
fixed gantry with a rotating service structure. OSC’s primary
commercial Taurus launch facilities will be established at launch
sites opumum for the particular mission being supported
Vandenburg AFB. CA: Wallops Island, VA and Cape Canaveral
are likely locations.

A Taurus payload interface checkout facility is available as a
standard service at OSC's Fairfax, VA engineenng facility for
initial payload to faunch vehicle functional test and checkout.
Housing an engineering test model of the Taurus avionics assem-
bly and a complete set of avionics and payload test equipment,
this Vehicle Systems Integration LAB (VSIL) will be used for the
development of mission peculiar launch vehicle software, quali-
fication of mission peculiar avionics services and validation of
payload integration procedures and flight checklists. The facility
will also be equipped to conduct launch vehicle mission simula-
tions with paytcad hardware and software in the loop.

4.5 Payload Capability and Interfaces

Payload capability of the DARPA Taurus vehicle to some typical
orbits is shownin Figure 9. The Taurus X1. configuration uses the
Pegasus XL stretched motors and the Castor 120 whereas the
Taurus XL/S adds two strap-ou rocket motors w Stage 0. Figure
10 shows performance 1o a 90° orbit from Vandenberg. Specific
informauon regarding payload perfonnance o other orbits can be
determined by contacting OSC's Office of Business Develop-
ment. The standard payload fairing can support payloads as large
as2.82m(110in)long and upio 1 38in (54 tn)n diameter (Figure
11). Funded studies are in progress to address increasing the
fairing diameter.

. DARPA Taurus
Orbit Capability
250 nm, 28°, 2450 lbs
(Orion 38 Stg 3) {1114 kg)
Geosynchronous 860 Ibs
Transfer (STAR 37 PKM) {391 kg)

Figure v DARPA Taurus capabiluy
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Figure 10. Taurus configuranons’ performance (o X»°
inclination.

The Taurus vehicle offers a number of standard services. The
standard .6m (63 in)ydiameter Taurus payload fairing offersover
5.15m3 (175 f1%) for payload use. The fairing 1s designed o
encapsulate the payload in a payload integration facility follow-
ing checkout. A class 10.000 environment can be maintained
inside this encapsulated cargo element (ECE) at all times from
encapsulation through ECE transport. vehicle integration and up
until launch. As a standard service. OSC provides one 12-inch
square access door in each half of the fairing. located to the
requirements of the payload. These doors provide all the access,
including late access on the gantry, to the payload once encapsu-
lation is completed. As anoption. OOSC can reposition the access
doors. provide larger or additional access doors or RF-transpar-
ent panels. The payload mechanically mounts to the standard
Taurus separation system via 60 fasteners about a 38 81-inch
diameter bolt circle.
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The Taurus payload electrical interfaces are established through
three connectors - power and signal, pyro. and RF. The power and
signal connector provides six payload passthroughs (prior to
launch), eight payload discrete commands, four payload discrete
talkbacks and a payload separation sensing breakwire. The
power and signal connector also supports an optional payload
RS-422 telemetry stream. The pyro connector can initiate up o
five redundant payload pyrotechnic events. In addition. the RF
connector supports payload RF transmission via the existing
Taurus antenna system. Detailed information on payload ser-
vices and payload environments provided by Taurus can be found
in the Taurus Users Guide available on request from OSC.

4.6 Taurus Operational Flexibility for TACSAT Applica-
tions

The Taurus launch system, has attributes for flexible, responsive
and cost-effective faunch far beyond existing launch systems.
With its ground mobility and compatibility with air transport,
Taurus can provide significant levels of survivability through
dispersal. This is greatly enhanced by the fact that Taurus can be
launched from an “unimproved, dry pad” - i.e.. the end of a
runway. The Taurus system has been designed and will demon-
strate meeting DARPA’s requirements for a launch site and
vehicle set-up of less than five days and launch-on-demand
within 72 hours after set-up. The vehicle can be maintained in this
72-hour launch ready cundition for months if required to meet
system operational requirements. Tumaround time to erect and
launch another vehicle is measured in days. not months, provid-
ing significant surge capability. Finally, the Taurus fairing
encapsulation system allows for flexible pre-launch payload
integration and the capability to store the encapsulated payload
for long periods awaiting the launch.

All of the at e capabilities can support LEO as well as GEO
missions. These Taurus launch system umgue capabilities can be
exploited to develop and support innovative, flexible, responsive
and cost-effective space systems to meet the new world require-
ments of future space sysiems.

5. PEGASTAR™

5.1 Introduction

In 1989, OSC began work on several fow-cost, multi-purpose
spacecraft projects. One of these, the PegaStar integrated space-
craft bus is designed for use with Pegasus and Pegasus-derived
launch vehicles, including Taurus. PegaStar is a key element of
the company’s ability to offer comprehensive space launch and
satellite services. Using many of the same systems that operate
the Pegasus vehicle, PegaStar is being built around the third stage
of Pegasus (minus the motor which is separated after attaining
orbit) to provide the “house-keeping™ services necessary (o
support OSC or customer-provided instruments. communica-
tions devices and other sensors on-orbit. In early 1991, OSC
entered into a contract with the U.S. Air Force Space Test
Program for the production of a sun-pointing PegaStar spacecraft
to support several Air Force scientific experiments, as well as an
environmental monitoring data contract with NASA Goddard for
the provision of ocean color data using an instrument mounted on
a nadir pointing PegaStar spacecraft.

5.2 Vehicle Description

OSC's PegaStar integrated sateilite (Figure 12) approach pro-
vides for a more efficicnt use of the volume and mass available
from a Pegasus or Taurus launch compared to a separable satellite
design. By eliminating the weight and cost necessary to provide
separate avionics, control, structural and data systems on both the
payload and launch vehicle, PegaStar will enable a user to place




heavier, payloads into orbit for the same or lower launch costthan
would be otherwise required. This performance advantage (typi-
cally 15% to 20%), makes one or more design enhancements
possible: additional payload mass, additional system redun-
dancy, less complex system packaging, reduced fuel require-
ments, increased margin of reserves on launch, or 2 combination
of these benefits. The PegaStar concept increases packaging
efficiency, thereby reducing cost and improving the throw weight
capacity of the Pegasus or Taurus launch system. A typical
PegaStar spacecraft dry mass is 173 kg (382 1bm), with a payload
capacity of upto 143kg (315 1b). PegaStar's modular design and
flexible avionics architecture enable the support of a wide variety
of sensor and mission applications. Qur first two PegaStar
spacecraft, the USAF APEX mission and the NASA SeaStar

Figure 12. Nadir pointing PegaStar spacecraft.

mission, are scheduled for flight in 1993. A summary of each of
these mission spacecraft is shown in Figure 13.

5.3 PegaStar Operational Flexibility for TACSAT Applica-
tions

The modular design flexibility of the PegaStar spacecraft bus
enables the integration of sensor systems with a broad spectrum
of system capabilities. Structural design flexibility allows for the
incorporation of the sensor and its systems onto separate, modi-
fiable panels which can be integrated independently but in paral-
lel with the spacecraft subsystem. The distributed microproces-
sor bus communication system enables the straightforward inte-
gration of sensor peculiar systems as well as the reconfiguration
of the basic PegaStar spacecraft attiiude control and TT&C
systems to meet the unique sensors requirements. Also modular
in design approach is the spacecraft power system, which can be
configured with fixed arrays, sun-tracking arrays, body arrays,
choice of silicon cells or gallium-arsinide cells and electrical
power supply configurations to support power levels from 100
watts to 1000 watts.

The design flexibility of the PegaStar accommodates a wide
range of sensor suites to enable new and innovative approaches

Spacecraft APEX SeaStar
Launch Year 1993 1993
Mass 247 kg 245 kg
Power Peak 375w 500w
Attitude Control | 3 Axis, 0.5° 3 Axis, 0.1°
1.23 mrad
Knowledge
Transmitters 8 Band 2 S Band
2 L Band
Propulsion None NoH4
Orbit GPS Autonomous
Determination GPS to wiin
100m
Lifetime 1 Year Design| 5 Year Design,
3 Year Goal 10 Year Goal
Notes DoD HDBK Fully Redundant
343 Class C | 1.25 GBit Data
64 mBit Data| Recorder
Recorder 2.6 Mbps Down-
link
In Test In Fabrication

Figure 13. PegaStar spacecratt capabilities.

o the total system design of future space svstems. Working
closely with the sensor designers to develop standard and com-
patible interfaces. these new approaches to sensor/spacecrafl
integration could have dramatic pavoffs in the development and
deployment of flexible. responsive and cost-effective space sys-
tems to provid support to the warfighter.

6. APPLICATIONS

TACSAT systems can provide important benefits in military
cngagements ranging from covert operations to regional and
global battles. Three examples are now provided for the use of
flight-ready TACSAT technologies in a relatively inexpensive
tactical surveillance system. a commercial TACSAT communi-
cation network and a complementary TACSAT fleet that would
work in concert with existing military satellites to collect impor-
tant theater meteorology data.

6.1 Surveillance
Tactical surveillance satellites intended primarily to support




20-10

theater commanders have been discussed for at least the last five
years, From thesediscussions, ithas emerged thatsuch TACSATs
should have the following operational characteristics:

» Improvad temporal resointion compared to current sys-
tems, that is short revisit titnes over areas of interest made
possible by a distributed satellite constellation;

* Adequate spatial resolution to be operationally useful,
which generally translates into a ground-separation dis-
tance scale of a few meters;

» Targeting authority delegated to the uitimate users; exten-
sive on-board processing of surveillance data: and pro-
cessed data distributed directly to such users, often with
real-time and/or simultaneous dowalinks to several loca-
tions;

¢ Peacetime daily availability for training exercises and
other routine purposes;

« Short satellite lifetimes (3 to 5 years) so that new capabili-
ties and technologies can be rapidly introduced: and

» Relatively fow cost to build. launch. operate and permit
rapid establishment/augmentationof constellations in times
of crisis or war.

Current technology makes it possible to build passive optical
surveillance sateililes weighing around 363 kg (8001b)and active
synthetic aperture radar satellites weighing 680 kg (1.5001b) for
$20-30 million per satellite. With the advent of Pegasus and
Taurus, it is already possible to launch such satellites for $10-20
million and to do so with the necessary degrees of responsiveness
in initial launch and replenishment.

This is not to imply that a single TACSAT network will solve all
the warfighter's intelligence and surveillance needs. Operational
commanders will continue to rely on support from larger space
systems, as well as on an array of battlefield surveillance systems.
Nevertheless, there is assuredly great value in such a tactical
surveillance system in the new defense environment of the
1990's. For instance, as was dramatically reinforced in the Guif
War, the operational cycle of target selection, planning, execu-
tion and data delivery was about three days with existing surveil-
lance satellites. Substanually improved time responsiveness of
point and area space surveillance to operational commanders’
needs would be of very high utility in a crisis period.

6.2 Communications

By the mid-1990's commercial, TACSAT like, data communica-
tions networks will be operational, followed Jater in the decade by
voice networks. Already, a TACSAT voice and data telecommu-
nications system has been demonstrated for worldwide applica-
tions. Today, OSC's Orbital Communications Corporation sub-
sidiary is building a consteilation of 26 small satellites to provide
omnipresent two-way message and data communications.
ORBCOMM™ | as it's commonly known, will provide high
services availability virtually every place on Earth at low, con-
sumer-ievel equipment « -d service costs. Its two-way packet
data communications services will be available to military users
without the requirement for Government funded development of
a unique communications system.

Several promising military applications of ORBCOMM are be-

ing discussed within the services and DoD). Desert Storm high-
lighted a need for deployable field communicauons for the
rapidly mobile forces. Field logistics persnrnel needed a beuter
way to place material orders and tnreceive confumation of status.
It is reported that millions of tons of material were doubled
ordered and shipped to Saudi Arabia because of the absence of
communications capability that could operate easily over a very
wide area. Tracking of shipments provided for a sull larger
logistic problem with supplies sometumes in theatre, but their
location was unknown to the user. ORBCOMM's two-way,
pocket-portable, operate-anyplace system will provide the miss-
ing link in the supply chain.

In addition. GPS showed its tremendous operational value in
Desert Storm. For the first time, field units knew very precisely
their location in an environment with few geographic reference
points. Now, with ORBCOMM, we are ready to go a step farther
by allowing those field units to easily transmit their locations and
unit numbers plus other critical data back to the commanders at
any organizational level desired. We are working with manufac-
turers of GPS receivers to build in the capability to GPS equip-
ment for the command structure o request automatic transmis-
sion of the location of platoons or mechanized equipment and for
the field units to report their locations and other vita} information
ondemand. The marriage of GPS and ORBCOMM capabilities
may also address. in part, the problems of friendly fire casualties
and significantly enhance the search precision and probability of
success of downed pilot recovery.

6.3 Meteorology

Finally existing military satellites could be supplemented by a
network of TACSAT systems to enhance our knowledge of the
environment. Efforts to clear up the “fog of war” have been
shown 1o be crucial to battle success for centuries. For example.
one constellation of 24 TACSAT GPS receiver platforms could
provide several tens of thousands of randomly-distnibuted occui-
tation measurements per day of the properties of the atmosphere
from the troposphere to the ionosphere. These measurements
would provide research data on greenhouse gascs and produce
“weather maps” of the ionosphere to better understand the link
between the sun and our climate. Altematively. small imaging
payloads in the visible regime could provide an everhead look at
target areas providing a pre-flight estimaton of cloud cover prior
to committing a fleet of bombers to a mission. Such payloads
would not require the resolution required of surveillance systems.

7. CONCLUSIONS

This paper provides a descripton of several innovative launch
vehicle and spacecraft systems and offers brief examples of their
flexibility and capability to cost-effectively meet the unique
warfighting requirements that must be addressed by evolving
TACSAT systems. The timing and extent to which these systems
will become integrated into the infrastructure of military forces is
driven by a number of factors.

The euphoria which exists in the governments of Western na-
tions, brought on by the breakup of the Soviet Union. will likely
continue to have an effect on the defense spending of these




countries for several years. Coupled with sluggish economic
conditions. the U.S. is curtailing military expenditures atunprec-
edented rates. Froma "good news/bad news" perspective, the bad
news is this will likely reduce significantly the funding available
for any new system development and production. But the good
news is TACSAT systems were conceived in part to meet the
chailenge of declining military budgets and therefore do not
require significant investment to bring them to fruition. It is in
fact arguable that these TACSAT systems might well flourish
difficult economic times.

Second, the widely distributed threat environment of today and
tomorrow strengthens the case for systems which are responsive
to new tactical and strategic realities,. TACSATs providenotonly
the focus needed for regional conflict and monitoring, but the
low-Earth orbits common to such systems permit an orbit-by-
orbitreallocation of assets to account for ever changing priorities.
The pace of technology is such that both the capability and
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capacity to address worldwide hot-spots s available from respon-
stve space systems like PegaStar, Pegasus and Taurus.

Finally. as with all new warfighting capabilities. the introduction
of novel approaches to meeting the requirements of the batefield
have often met with some resistance - such bas been the case with
TACSATs. Now that a few systems have been flown and more
umportantly now that the commercial market 1s finding applica-
tons for such systems, the introduction of TACSATSs into the
naticnal security system architecture willrapidly expand. Whereas
prior to the Gulf War such TACSATs could be ignored as
unproven. now there is documented evidence of the value of these
systems and the users are beginning to identify additional appli-
cations where an augmentation in capability. or an entirely new
function, can be fulfilled with a TACSAT. Just as the batde tank
and the airplane needed W be proven, so oo must the TACSAT
carn its place on the batdefield. Having carned that place.
TACSAT: will become essential components of future military
infrastructures and strategies.

Discussion

Question: 0SC said that the corporate goal
penetrate the commercial market. Of
how many are governmental and how many are

orders,
free market?

is to

the 76 PEGASUS

{(85%),

Reply: Until now the priority 1is governmental
but in the future OSC believes 1t can 1increase
commercial percentage.

the
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OPTIMISATION DE LANCEMENTS MULTIPLES

par L. ZAOUl et B. CHRISTOPHE

Office National d’'Etudes et de Recherches Aérospatiales,
BP 72, 92322 Chatillon Cedex, FRANCE

RESUME

Puisque les futurs lanceurs permettront I'emport d'une charge
utile de plus en pius lourde, il est possible d'imaginer des
lancements de plusieurs petits satellites sur des orbites
différentes. Cependant, pour diminuer autant que possible le
coiit des manoeuvres de transfert de ces satellites, il est
essentiel de déterminer l'orbite d'injection optimale qui
minimise par exemple la masse d'ergols nicessaire a ces
transferts.

La méthode utilisée pour résoudre ce probleéme
d’'optimisation complexe est l'algorithme du gradient
projeté généralisé. 11 permet de trouver l'orbite d'injection
optimale et la trajectoire ascensionnelle correspondante qui
minimisent le codt tout en respectant les contrainics
imposées 2 la trajectoire de montée et aux transferts.

Deux exemples d‘application seront exposés. Le premier est
P'optimisation d'un lancement double vers deux orbites
d'inclinaisons différentes, le second conceme la mise a
poste d'une constellation positionnée sur des orbites de
noeuds ascendants différents.

ABSTRACT

Since future launchers deliver more and more payload mass.
it is possible to imagine multiple launches of small
satellites into noticeable different orbits. Yet, so as to
decrease possible high cost of satellite transfers, it is
essential to determine the optimal injection orbit that
minimizes for instance the ergol mass necessary to these
transfers.

The method used to solve this complex optimization
preblem is the generalized gradient algorithm. It allows to
find the optimal injection orbit that satisfies the
misce:lanecus constaints applied to the launcher and its tra-
jectory, and tha minimizes the cost function. At the same
time control laws and parameters of ascent phase and
transfers are optimized.

This method application will be shown on two examples,
the first concerning a dual launch on two differently
inclined orbits; the other one concerns a constellation of
different ascending node positions.

1 INTRODUCTION

Puisque les futurs lan« :urs - comme Ariane V - auront la
possibilité d'emporter de plus en plus de charge utile, on
peut imaginer des lancements rmultiples de petits satellites
sur des orbites différentes. En particulier, le lancement
simultané de plusieurs satellites d'une constellation de
radiolocalisation, ou de deux satellites aux missions
différentes sur leurs orbites respectives, peul constituer une
solution intéressante malgré le colOt probablement im-
portant des manoceuvres de transferts apres I'injection.

En conséquence. il est essentiel de déterminer {'orbite
d'injection qui minimise les masses d'ergols ou les
incréments de vilesses nécessaires aux Uansferts des
satellites sur leurs orbites.

La méthode utilisée pour résoudre ce probléme complexe
d'optimisation fonctionnelle et paraméirique est
I'algorithme du gradient projeté généralisé [1]. Cette
méthode, développée 4 'ONERA, permet de favoriser la
satisfaction des contraintes lors des itérations, et donc de
trouver une trajectoire optimale les respectant méme si la
trajectoire initiale en était loin. Ces contraintes peuvent
étre courantes (flux thermique maximal), intermédiaires
(retombée d'un €tage) ou finales (parameétres orbitaux),
d'égalité aussi bien que d'inégalité. En outre, une fonction
colit est minimisée comme la masse d'ergols ou les
incréments de vilesses nécessaires aux manoeuvres de
transferts des satellites. Les lois de controle du lanceur ainsi
que des paramétres portant sur la trajectoire de montée et sur
les manoeuvres des satellites sont optimisés. Ces
manoeuvres peuvent &ire mono ou bi-impulsionnelles et
elles induisent leurs propres contraintes.

La premiére partie concerne la représentation utilisée pour
ce probléme physique: modélisation du mouvement du
lanceur et des satellites, lois de contréle ct parametres
optimisés, codt 2 minimiser et conuraintes a satisfaire. La
deuxie¢me partie illustre les potentialités de l'outl
d'optimisaiion: lancement double vers des orbites de méme
altitude mais d'inclinaisons différentes; mise 2 poste d'une
constellation dont les orbites ont des noeuds ascendants
différents. Dans chaque cas, l'intérét de Voptimisation de
P'orbite d'injection sera démontré.
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2 POSITION DU PROBLEME
2.1 Mouvement du lanceur et des satellites
2.1.1 Modélisation du mouvemerns du lanceur
Si E et V représentent la position et la vitesse par rapport

1 un repére inertiel, les équations du mouvement du cenue de
gravité sont:

R=V
Fa + Fp
NN +
V-p.atfp
m
m=-q

ol m est la masse instantanée du lanceur,

N
g est l'accélération gravitationnclle (avec prisc en
compte de la perturbation due au I,)

- o )
Fa et Fp sont les forces aérodynamique et propuisive

q est le débit instantané d'ergols.

Le vecteur d'état X{t) est de la forme X(1) = (R. V, m)T.
Les lois dec commande choisies pour déterminer
I'orientation du lanceur sont ['assictie & et l'azimut v,
exprimés dans un repre inertiel. On suppose que le lanceur
vole sans dérapage, I'angle de roulis O est done fonction de

9 et y. 1l est clair que la connaissance de loricntation du
lanceur permet la -étermination compléte de la direction et
du medule des forces acrodynamique et propulsive. En ce qu
conceme la phase atmosphérique, le vol s'effectue 2 azimut
inerticl constant et a incidence quasi-nulle apres le
basculement du lanceur. Le mouvement du lanceur dans
T'atmospheére est donc déterminé par trois paramétres:
azimut inertiel, vitesse de basculement et durée du
basculement.

Le systeme différentiel précédent peut donc se mettre sous la
forme suivante:

X() = f(X, U, A, 0

ou U est le vecteur de commande et A le vecteur constani des
parameétres optimisables.

2.1.2 Modélisation du mouvement des satellites

Le mouvement des satellites est enticrement déterminé par
les six parametres orbitaux suivants: le demi-grand axe noté
a, l'excentricité e, linclinaison i, l'argument du noecud
ascendant €1, l'argument du périgée @ et Yanomalie vraie v.
Ces parameures obéissent aux lots de Kepler.

2.2 Chronologie

Le 7ol du lanceur est émaillé d'une série d'événements
paruculiers comme le largage des étages vides ou de la
coiffe, introduisant des discontinuités dans la masse et les
forces propulsive et aérodynaminue. De plus, 12 chrono-

togie de ces ¢vénements est a pnon nconnue. Pour taer
ces discontinuités, il est nécessaire de considérer des
sections de trajectoires. Le passage d'une section a lautre
est déterminé par fe changement de signe d'un certain
critere, différent suivant les évenements.
2.3 Fonction cout

Cuant donané que les cacactenstiques du lanceur, les
conditions initiales et les ¢léments orbiiaux finaux sont
connus, si on néglige le temps de réponse du systeme de
contréle d'attitude du lanceur, le probleme consisie a
déterminer les lois dlassictte et d'azymut opumales
procurant le colt minimal tout e¢n rtespectant les
contraintes.

23.1 Expression du cout

Le coiit 3 minimiser peut étre Fincrément total de vitesses a
fournir pour permettre les transferts:

vnzzAVi
i

ol AV; est impulsion du i*™€ satellite.

On peut aussi chowsir de nunmmiser impuision maximale
des moteurs dapogee de chaque satclite:

Vo =Max!AaV;
1

Dans cc cas. l¢ programme tend & égaler les différentes
impulsions de transfert,

La fonction peut sussi concerner les masses d'ergols
nécessaires pour effectuer les transferts d'orbites. La masse
¢me

Jd'ergols requise pour laa manoeuvre est:

AV, \
Mergi =mj{ exp m - l}

ot m;j est la masse finale du ™€ satellite,

Isp; son impulsion spécifigue, exprimée en secondes.

Les caractéristiques du moteur d'apogée correspandant,
capable de fournir cette impulsion grace a sa masse d'ergols,
seront celles de la gamme de moteurs MAGE (Isp de 310 s).
En outre, afin de simplifier le calcul de 1a masse séche du
moteur, on considérera un coefficient de structure constant
de 10% (rapport de la massc seche sur la masse d'ergols).

Comme précédemment, le coit peut étre exprimé par:

Vo= 2 Mergi ou Vo= Max ( Merg; )
; 1
i

Intéressons-nous maintenant le calcul de Vimpulsion de
vitesse dans le cas de manocuvres mono ou bi-impul-
sionnelles.
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2.32 Calcul des manoeuvres
* Manoeuvre mono-impulsionnelle

Afin de déterminer ou s'effectue la manoeuvre sur ['orbite
d'injection, un paramétre supplémentaire a optimiser est
pris en compte: le temps séparant l'injection de la
manoeuvre.

Crbde hnale
\

”
Orbite ¢'injaction

M Vinj

- Figure 1-

Iinj et Igip sont respectivement les vecteurs inclinaisons sur
l'orbite d'injection et finale. Vinj et ¥iin somt
respectivement les vitesses sur Porbite d’injection et sur
l'orbite finale au point de manocuvre M (voir figure 1).

Pour assurer que le point M appartient précisément 2 l'orbite
finale dérirée, deux contraintes supplémentaires doivent
étre ajoutées concernant l'altitude et la latitude de M. Si
elles ne sont pas satisfaites, l'orbite finale est modifiée de
maniére 2 pouvoir calculer le codt (voir §2.4.1).

Arrés la modification éventuelle de torbite finale, la
vitesse Vi et donc AV sont facilement calculables.

* Manoeuvre bi-impulsionnelle

Contrairement & la manoeuvre mono-impulsionnelle, une
manoeuvre bi-impulsionnelle est toujours possible, mais
requiert un plus grand nombre de paramétres & optimiser.

Orbite
intermadiaire
’

/

Orbite d'injaction
- Figure 2 -
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Le satellite est mjecté en My depuis l'orbite d'ingection sur
une orbite intermeédiaire sécante 3 Forbite finale. Au point
d'intersection M2, une seconde impulsion est donnée pour
placer le satellite sur son orbite finale (voir figure 23

Afin de définir complittement ce wansfert, trois parametzes
sont opuimisés:

- un parametre donnant la position de M| sur V'orbite
d'injection. On choisit 'ascension orbitale vraie, qui est
I'angle brisé:

Vi =L + o1 +v)

ol 21 est la longitude du noeud iscendant.wy est
l'argument du périgée, et vy l'anomalie vraie du
satellite sur {'orbite d'injection.

- un paramétre donnant la posiion de M3 sur orbite
finale, w3

- un parametre déterminant la forme de l'orbite
intermédiaire, joignant M) et My, Par deux points non
alignés avec le centre de la Terre, passe sculement une
orbite Képléricnne de paramétre fixé pr. pr sera choisi
comme Uoisicme paramerre.

Deux autres parameétres pourront aussi étre pris en comple
(s's ne sont pas contraints): P'argument du périgée et du
noeud ascendant de lorbite finale.

Connaissamt la position de My et M3 et le paramewe pr, il
est possible de déterminer les autres ¢léments de l'orbite
intermédiaire, nécessaires pour le calcul des vitesses Vg et
Va1, respectivement aux points M} et M2. En particulier,
il existe deux solutions it et -iy pour le vecteur inclinaison
de l'orbite intermédiaire, correspondant aux deux sens de
parcours, et donc changeant V) et V2 en leurs opposés.
La solution adoptée sera celle conduisant & une wnpulsion de
vitesse minimale.

2.4 Contraintes

Les contraintes 2 respecter concernent aussi bien la
trajectoire de montée que les diverses manoeuvres. Elles
sont donc de différents types.

2.4.1 Contraintes finales
* Contraintes sur le lanceur

Les contraintes finales sur le lanceur permettent d'assurer
que l'orbite d'injection est atteinte au temps final (déterminé
par ['épuisement des ergols). Une premidre contrainte
d'inégalité porte sur l'altitude du périgée de lorbite
d'injection afin qu'elle soit viable pendant plusteurs
révolutions thy 2 200 km).

* Contraintes sur les satellites

Un jeu de contraintes d'égalité impose le respect des
eléments orbitaux finaux (a. e, 1 et éventuellement €2, ® et
v) des différents satellites.

Des contraintes d'inégalité supplémentaires sont activées
selon le type de manocuvre.
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Dans le cas d'un transfert mono-impulsionnel, deux
contraintes sont nécessaires pour assurer que les orbites
d'injection et finale sont sécantes au point de manoceuvre M,
contraintes portant sur l'altitude et la latitude de ce point.

Si hy est Faltitude de M, hpp et hyp respectivement
l'altitude du périgée et de l'apogée de l'orbite finale. on doit
avoir:

Si ceute contrainte n'est pas respectée, I'altitude du périgée
est modifiée comme suit:

hpp=2ap-Ryy-hy (o Rt est le rayon terrestre)
Si Op est la latitude de M, ip linclinaison finale, on doit
avoir:

lopm! < IF (ou oyl < R-ig st ip 2 1/2)

Si ¢a n'est pas le cas ip est modifiée en ig’ = W0yi
(ou ig= n-doyl si ip 2 7/2)

Dans le cas d'un transfert bi-impuisionnel, seule une
contrainte d'inégalité est ajoutée pour assurer la viabilité de
l'orbite intermédiaire (altitude de périgée supéricure 3 200
km).

2.4.2 Contraintes couranics

Une seule contrainte courante sera prise en compte, Elle
porte sur la trajectoire ascensionnelie du lanceur, el assure
que le flux thermique maximal icgu par la charge utile apres
le largage de la coiffe n'excede pas 1135 Wim?. Le flux
thermique est modélisé de facon simplifiée par:

0o=172p Vi
ol p est la densiié atmosphérique 2t V; la vilesse
aérodynamique du lanceur.

2.4.3 Contraintes interr. édiaires

Les contraintes intermédiaires prévues dans le code, telle
que la contrainte de retombée d'un étage ([2]), ne seront pas
prises en compte dans les cas étudiés zfin de simplifier le
probléme.

3 RESULTATS

L'outil présenté précédemment permet de trouver la
"meilleure” trajectoire de moniée (au sens d'un colt) ainsi
que les "meilleures” manoeuvres, grice a une optimisation
couplée. De plus, il est possible de considérer 1a mise 2
poste simultanée de plusieurs satellites sur des orbites dif-
férentes.

La capacité du code 2 traiter des problémes variés sera
démontrée sur les deux excmples suivants: e premier
concerne deux satellites a injecter sur des orbites
d'inclinaisons différentes et le second la mise a poste d'une
constellation de trois satellites sur des orbites de méme
inclinaison mais dont les noeuds ascendants sont séparés de
120°.

3.1 Lancement double

Considérons deux satellites dont les caractéristiques sont
les suivantes:
- satellite 1 : masse: 250U kg (moteur d'apogée compris)
orbite visée : 700/700/98¢
- satellite 2 . masse: 1000 kg (moteur d'apogée compns)
orbite visée : T00/700/80°

Le lanceur considéré est Ariane 44LP équipé de sa coiffe
longue (815 kg), du support externe Speltra (420 kg) et de
l'adaptateur Ariane (50 kg).

Plusieurs solutions peuvent étre envisagées pour effectuer
ce lancement double.

La premiere consiste 3 injecter directement l'un des
satellites sur son orbite finale et d'effectuer une manoeuvre
pour le second. Dans ce cas, la masse nécessaire pour cetle
manoeuvre peut dépasser les capacités d'emport des moteurs
d'apogée eaislant actuellement.

Une autre solution peut donc ére d'injecter les deux
satellites sur une orbite de transfert et d'effectuer une
manocuvre pour chague satellite. Cene orbite dinjection
sera optimisée au sens d'un colt (par exemple, la mini-
musation des masses dergols dépenses).

3.1.1 Orbite d'injection fixée

Puisque les orbites visées de chaque sateliite Oy et O ont
méme altitude (700 km), I'impulsion de vitesse nécessaire
au transfert d'unc orbite a Pautre requiert uniquement un
rattrappage d  iinaison de 18° sous réserve que la
manoeuvre it ;v @ I'un des nocuds. La valeur minimale de
Iimpulsion est dans ce cas 2350 m/s. On suppose que les
deux satcilites sont éguipés du méme iype de moteur
d'apogée dont les caractéristiques sont basées sur celles de
la gamme MAGE (Isp = 310 s, rapport de la masse seche sur
la masse d'ergols de 10 %).

La table 1 donne les masses nécessaires a meltre a poste sur
l'orbite d'injection pour les deux types de manoeuvres (O
vers Oy et Oy vers O1) comparees avec les performances
d'Ariane 44LP.

orbite d'injection
Masses (kg) 01 (98%) 07 (80°)
Speltra + adaptateur 470 470
Satellite positionné 2500 1000
Sateilite a positionner * 1000 2500
Masse d'ergols nécessaire 1165 2910
Masse a linjection 51358 6880
Performance Ariane 44LP §520 6065

* comprenant Li masse séche du moteur d’apogée

- Table t -




Etant donné que la masse nécessaire sur l'orbite d'injection
O2 est supérieure a la performance d'Ariane 44LP sur cetie
orbite, 1a seconde stratégie (injection sur O9 et transfert du
satellite 1 vers OQ|) n'est pas viable.

En revanche, en ce qui concerne la premiere stratégie, la
performance d'Ariane 44LP est suffisante, mais le transfent
du satellite 2 vers son orbite finale requiert un moteur
d'apogée pouvant contenir 1165 kg d'ergols, moteur
n'existant pas jusqu'd maintenant.

3.1.2 Optimisation de l'orbite d'infection

Le seul moyen de réaliser ce lancement double est donc
d'optimiser V'orbite d'injection de telle fagon que les deux
satellites soient équipés de moteurs d'apogée réalistes. Deux
calculs d'optimisation seront effectués avec des coils
différents.

Le premier indice de colit 2 minimiser est le maximum des
impulsions de vitesse. Ce cas de calcul évident ne fait que
démonwrer les capacités du code, et par conséquert, on nc
tiendra pas compte des résultats concernant I'existence des
moteurs d'apogée requis. Avec cette fonction cout,
l'algorithme tend & égaler les deux impulsions, en cherchant
a minimiser la plus grande. Il est clair que l'orbite d'injec-
tion optimale devra ére inclinée a 89°. Effectivement,
l'orbite d'injection optimale O3 trouvée par l'algorithme est
la suivante: 670/720/89°. On peut noter que les manoeuvres
ont licu aux noeuds ascendants des orbites d'injection ct
finales, ce qui minimise le coiit puisque seul un rattrapage
strictement en inclinaison est a effectuer. De plus, Forbite
d'injection s'est déformée par rapport a linitialisation
(700/700/90°), diminuant son énergie En cffet, puisque les
manoeuvres sont mono-impulsionnelles, ciles ont toutes
lieu & 700 km d'altitude. L'incrément de vitesse est minimal
si le module de la vitesse sur I'orbite d'injection & une valcur
iégérement inférieure A ceile sur l'orbite finale.

Les figures 3 et 4 présentent respectivement les évolutions
au cours des itérations des impulsions de vitesses ¢t des
masses d'ergols nécessaires aux manoeuvres. On s'apergoit
qu'a partir de l'itération 50, l'optimum est presque alteint,
bien que l'initialisation en soit loin.
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La table 2 donne le détail de la masse nécessaire sur I'orbite
d'injection O3.

Spelira + Satt | Erg. 1 | Sat2} Erg. 2 | Towl

adaptaicur

470 2500 1185 | 10001 474 5629

- Table 2 -
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Ce lancement cst possible avec Artane 44LP puisque sa
pertformance sur cette orbite d'imjection est de 5680 kg.

La scconde fonction de cout prise en compie est le
maximum des masses d'ergols nécessaires aux manoeuvres,
cout qui permet d'équilibrer les masses d'ergols des deux
moteurs d'apogée. L'orbite d'injection optimale Og4 obtenue
par le code est la suivante : 6§95/70092.3°.

Cette valeur de 'inclinaison plus forte que précédemment
est due au fait que, puisque les deux satellites doivent
dépenser autant d'ergols, l'orbite d'injection est
naturellement plus proche de celle du satellite le plus lourd
(ici l'orbite inclinée 4 98°).

La figure 5 donne I'évolution de l'inclinaison de l'orbite
d'injecton (initialisée a 90°) au cours ces itérations.

inclinaison orbite d'inj. (deg)
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Les figures 6 et 7 montrent respectivement les évolutions
des masses d'ergols et des impulsions de vitesse.

Masse d'scgols (kg)
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A Tinitialisation, les masses d'crgols nécessaires éiaient de
9500 kg pour le satellite 1 et de 5650 kg pour le satellite 2.
Grice a l'optimisation de l'orbite dinjection, ces valeurs
ont été considérablement réduites pour arriver i des masses

réalistes (700 kg).

La table 3 foumit le détai} des différentes masses sur l'orbite
d'injection Q4.

Spelira + Sat 1] Erg. 1 |Sat2 | Erg. 2 | Tortal
adaptateur
470 25001 700 {10007 700 5370

- Table 3 -

La capacité d'emport d'Ariane 44LP pour cette mission cst
de 5512 kg.

Dans le cas du lancement double, Voptimisation couplée de
la trajectoire de montée et des manoeuvres a conduit a une
orbite d'injection qui permet de metue 3 poste les deux
satellites avec des masses d'ergols réalistes.

3.2 Lancement d'une conastellation
Considérons une constellation de radiolocalisation (3]

composée de wois satcllites, de 500 kg chacun, domt les
orbites finales ont pour éléments orbitaux :

a=42164 km —

¢ =0.191 (hp=2 3km et h,= 43840 km)
i = 18.345°

w = 254.887°

plus une différence de nocuds ascendants de 120° entre
les orbites.

Le lanceur utilisé pour ce lancement triple est Ariane V,
équipé de la coiffe courte (1870 kg) et du support externe
Speltra (900 kg). Les transferts sont de type bi-impul-
sionnel et la fonction colt 3 minimiser est }a somme des
impulsions de vitesses des trois manoeuvres. Comme
précédemment. on considérera tout d'abord une les transfens
a partir d'une orbite d'injection fixée qui sera libérée par la
suite afin d'observer les améliorations apportées par le
code. Enfin, dans les deux cas, une contrainte supplé-
mentaire pourra étre activée afin d'assurer un bon équilibre
massique entre les satellites. La sausfaction de cette
contrainte moteur permet de limiter a3 3% I'écart entre les
masses d'ergols nécessaires a chaque satellite et leur valeur
moyenne.

3.2.1 Orbute dinjection fixée

L'orbite d'injection considérée cst une GTO classique
inclinée 3 7° d'altitude périgée 280 km et d'apogée 4 35786
km daltitude.

Choisir une orbite d'injection déja inclinde a 18,345° peut
sembler au premier abord plus intéressant en terme de colt,
puisqu'il ne resterait plus quun ratirapage de noeud
ascendant a effectuer. Néanmoins, les changements de
nocud ascendant entraincraient obligatoirement des
modifications d' inclinaison (sauf pour le satellite dont
Forbite finale a le méme noeud ascendant que Yorbite
d'injection), ce qui conduirail a un colt Ués important.

Cette orbite GTO scrvira d'initialisation pour les
optimisations suivantes.

Deux calculs ont été menés pour la mise a poste & partir de
cette orbite d'injection, la contrainte moteur n'étant acuvée
que dans un deuxiéme temps. Bien entendu, le cott est plus
important dans ce cas (707 /s contre 6631 m/s).

La table 4 donne lcs résultats de Voptimisation dans le cas
ol aucune contrainte nest imposée sur les masses d'ergols.
Il est & noter que les valeurs des nocuds asc:ndants ne sont
que relatives. En cffet, le temps initial correspond arbi-
trairement au moment ol Y§0 passe a Greenwich., Pour
modifier le noeud ascendant de l'orbite d'injection, il suffit
donc d'ajuster Pheure de tir.




Les masses d'ergols pour les trois satellites sont trés
différentes. Pour éviter ces écarts. on active la contrainte
moteurs.

Q) | AV (m/fs)| Masse dergols
(kg)
Orbite d'injection 180 - -
Orbite finale 1 9 1833 414
Orbite finale 2 129 2363 588
Orbite finale 3 249 2435 614

-Table 4 -

La table 5 résume les modifications induites par I'activaton
de cette contrainte.

QE) | AV (mfs)] Masse dergols
(kg)
Orbite d'injection 180 - -
Orbite finale 1 9 2278 558
Orbite finale 2 129 2355 585
Orbite finale 3 249 2438 614

-Table 5 -

Du fait que les masses d'ergols des deux derniers satellites
étaient du méme ordre de grandeur, l'algorithme n'a fait que
dégrader le coiit de la manoeuvre du premier satellite.

3.2.2 Optimisation de U'orbite d'injection
* Conirainte moteurs désactivée

Le point de départ de l'optimisation est résumé dans la table
4. En particulier, la somme des incréments de vitesse
nécessaires aux transferts depuis une GTO 7° est de 6631
m/s. Aprés 300 itérations, elle est passée & 5934 my/s, et
Iinclinaison de l'orbite d'injection est passée a 13.8° et
'argument du noeud ascendant & 147,3°. De plus, 1'énergie
de l'orbite a augmenté les altitudes de périgée et d'apogée
passant respectivement de 280 km a 611 km et de 35786
km a 40586 km.

On peut noter qu'au cours des itérations, I'écart relatif des
noeuds ascendants des orbites finales demeure égal a 120°,
cette contrainte restant satisfaite par la suite.

La table 6 compare les orbites entre l'initialisation et la
convergence.

Itération 0 Itération 300
i injection (°) 7 13.8
€2 injection (°) 180 147.3
€ finaux (°) 9/129/249 28/148/268
AV (m/s) 1833/2363/2435 | 1737/1355/2842
Masse d'ergols 414/588/614 385,/280/773
(kg)
B Colt (m/s) 6631 5934

- Table 6-

Les figures 8 et 9 fournissent plus de détails sur les
changements intervenus au cours des itérations. Elles
présentent tespectivement les évolutions des noeuds
ascendants ct des inclinaisons des orbites d'injection,
intermédiaires et finales.
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Ces figures montrent qu'd la convergence, les orbites
intermédiaire et finale du satellite 2 ont pratiquement méme
inclinaison et noeud ascendant, contrairement 2 lini-
tialisation. La figure 8 montre en particulier que ce noeud
ascendant commun aux orbites intermédiaire et finale est
aussi celui de l'orbite d'injection, ce qui explique le faible
coiit des manoeuvres effectuées par le satellite 2. Le
transfert est en fait quasi mono-impulsionnel (lére
impulsion: 1278 m/s, 2nde impulsion: 77 m/s), la premiére
impulsion permettant un rattrapage global en énergie et en
inclinaison.

Pour le satellite I, on constate une évolution relativernent
minime des orbites finale et intermédiaire entre les
itérations O et 300, ausst bien en lerme de noeud ascendant
que d'inclinaison. Comme pour le satellite 2, le transfert est
quasiment mono-impulsionnel (1&re impulsion: 1662 m/s,
2nde impulsion: 75 m/s).

Enfin, les écarts en inclinaison et en noeud ascendant entre
les orbite d'injection, intermédiaire et finale du satellite 3
ont sensiblement augmenté au cours des itérations. Par
conséquent, ce transfert est beaucoup plus coiiteux que les
deux autres (773 kg d'ergols requis contre 385 et 280 kg
pour les satellites 1 et 2). L'évolution des masses d'ergols
est illustrée sur la figure 10. On observe la diminution des
masses d'ergols du satellite 2 permetant une amélioration
du codit, ainsi que la dégradation de la manoeuvre du satellite
3.
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- Figure 10 -
* Contrainte moteurs activée

Les résultats précédents montrent une sensible diminution
du coiit global, mais au déwriment de I'équilibre entre les
masses d'ergols des différents satelites. Pour assurer la
symétrie de la consiellation, a partir de I'itération 300, une
série de 300 itérations supplémentaires a été effectuée en
activant la contrainte moteurs.

La table 7 compare les résultats des deux convergences
suivant que la contrainte moteurs est active ou non. Comme
on pouvait le prévoir, le respect de cette contrainte entraine
une augmentation du cout total. Cette valeur obtenue est a
comparer la avec celle correspondant au cas de l'orbite
d'injection fixée a4 une GTQ 7°, contrainte moteur active
(§3.2.1), oli l'on constate une nette amélioration, le coiit
passant de 7071 m/s 3 6526 m/s.

Itération 300 Iiération 600
i injection (°) 13.8 6,4

€ injection (°) 147.3 171.2

Q finaux (°) 28/148/268 -19/1060/220
AV (m/s) 1737/1355/2842 | 2095/2178/2253

Masse ergots (kg) | 385/280/773 496/524/549

Cout (m/s) 5934 6526

- Table 7 -

La figure 11 donne les évolutions des masses d'ergols de
chaque satellite au cours des itérations.
On note que seules 50 itérations sont nécessaires & la
satisfaction de la contrainte moteurs, les masses d'ergols
requises gardant quasiment les mémes valeurs par la suite.
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- Figure 11 -
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Les figures 12 et 13 décrivent respectivement les
évolutions des noeuds ascendants et des inclinaisons des
orbites d'injection, intermédiaires ¢t finales.
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Les orbites intermédiaire et finale du satellite 1 ont méme
inclinaison et noeud ascendant, et ont trés peu varié par
rapport a litération 300. En revanche, l'incrément de
vitesse a augmenté du fait de 1a plus grande différence entre
les inclinaisons des orbites d'injection et intermédiaire

(voir Figure 13).

En ce qui conceme le satellite 2, étant donné que son
transfert était auparavant le moins codteux, l'activation de
la contrainte ne pouvait que le dégrader. Ainst, alors qua
T'itération 300 les orbites intermédiaire et finale avaient
méme inclinaison et noeud ascendant, les 300 itérations
supplémentaires ont conduit 3 une différence de 72° sur les
noeuds ascendants et 12,8° sur les inclinaisons. En
conséquence, et de maniére 3 vatwapper ces écarts, la
seconde impulsion n'est plus négligeable (le transfert est
cette fois réellement bi-impulsionnel). Le colit du transfert
est donc mieux réparti entre les deux impulsions.

En revanche, la symétrie entre les trois satellites imposée
par la contrainte moteurs conduit a une baisse du colit de
transfert du satellite 3. Comme le montre {a figure 12, des
les 50 premieres itérations, les orbites d'injection et
intermédiaire ont méme noeud ascendant, qui par la suite se
rapproche de plus plus de celui de T'orbite finale. Quant aux
inclinaisons, celle de l'orbite intermédiaire se rapproche, au
cours des itérations, a la fois de l'orbite d'injection ct de
celle de l'orbite intermédiaire.

Bien évidemment, le respect de la contrainte moteurs
impose que les masses d'ergols des trois satellites soient
sensiblement identiques, comme ['illustrent les valeurs
portées dans la table 7.

Les figures suivantes présentent des évolutions globales au
cours des 600 itérations effectuées, le raccord a 300
iérations marquant l'activation de la contrainte moteurs.

La figure 14 décrit I'évolution de la fonction coit (c'est-a-
dire de la somme des impulsions de vitesse).
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Le cobt décroit régulierement jusqu'a l'itération 300, toutes
les contraintes étant déja satisfaites. Puis, 4 l'activation de
la contrainte moteurs, il augmente rapidement puis décroit a
nouveau régulicrement une fois que la conurainte est
satisfaite. La valeur trouvée apres 600 itérations est bien
cntendu supéricure & celle de I'itérauon .00.

Les figures 15 et 16 donnent respectivement V'évolution de
I'énergie et de I'altitude de périgée de lorbite dinjection.
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Dans la premigre partie (de O a 300 itérations), les valeurs
de l'altitude de périgée et de I'énergie de Forbite d'injection
croissent afin de se rapprocher de celles des orbites finales,
permettant ainsi au cott de diminuer. Lorsqu'on active la
contrainte moteurs, 'énergie décroit fortement, en paraliele
avee augmentation du codit. Cette baisse d'énergie permet
de dégrader les manocuvres les moins colteuses (satellites |
ct 2). Cependant, clle n'empeéche pas pour autant
I'amélioration du transfert du satellite 3, due
essenticllement a la diminution des raltrapages en
inclinaison ¢t en nocud ascendant a effectuer (voir figures
12 et 13). Une fois la contrainte satisfaite, la valeur de
T'énergic revient a son niveau précédent, et l'optimisation
se poursuit avec une diminution du colt global. Notons que
I'altitude du périgée de l'orbite d'injection n'a cessé
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d'augmenter au cours des itérations, favorisant ainsi une
baisse du coit, au déuriment de la masse totale de charge
utile placée sur cette orbite.

Alt. de Périgée de I'Orbite d'inj. (km)
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4 CONCLUSION

Ces deux exemples ont monuré l'intérét d'optimiser de facon
couplée la montée et les manoeuvres dans le cas de
lancements multiples.

Dans le cas du lancement double, l'optimisation a permis
d'effectuer la mise a poste de deux satellites d'observation au
moyen de moteurs d'apogée réalistes.

Pour le lancement de la constellation, on a pu gagner, grace
a l'optimisation, entre 7 ¢t 10% par rapport a la nmise a
poste depuis une GTO 7° classique.

Grice a l# diversité des contraintes -facilement acuvables-
et aux nombreuses fonctions couts, un grand nombre de cas
peuvent étre traités par le programme. L'intérét de cetie
méthode d'optimisation repose sur le fait quelle peut gérer
un grand nombre de paramétres (paruculierement dans le cas
des manocuvres bi-impulsionnelles), évitant ainsi un
balayage fastidieux de toutes les combinaisons possibles.

BEFERENCES

{1} C. Aumasson, Ph. Landiech: "Méthode itérative de
type gradient projeté géndralisé pour 'optimisation
paramétrique et fonctionnelle de sys émes
dynamiques soumis a des contramtes.”

N.T. 1988-9 ONERA

2] Ph. Landiech. C. Aumasson: "Montée opimale du
lanceur Ariane V-LS5 avec conmrainte de retombée du
premicr étage.”

R.T.n° 21/6115 SY - ONERA 1986

3] H.Baranger, J. Bouchard, T. Michal: "Systéme de
navigation par satellites a couverture européenne.”
Coramunication AGARD 1992, Bruxelles Session
HI: TacSat applications- Systems

Discussion

Question: My question concerns the equivalence constraint
you use in order to limit to 5% the gap between each
satellite propellant mass and their average value.

Is it possible to minimize the maximum value of the
propellant masses instead of activating this constraint?

Reply: The cost index (i.e., minimizing the maximum

of the propellant masses) may be considered as 1t

is presented in the paper, and could have been used

in this case instead of trying to minimize the criterion
(sum of the delta v) while activating the equivalence

constraint. Never the less,

the 5% margin allows a

respective balance between the three satellite masses
without making them exactly equal (which might be

too strong a constraint in this complex system where
the launcher ascent phase and three bi-pulse maneuvers
are simultaneously optimized).
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SUMMARY 0 GRQU

The QuickStar Systern is not a concept—it is a flight-proven
design. QuickStar is a small highly capable, low-cost, light-
weight spacecraft using modern design techniques that can
carry tactical assets into space at a tenth of the cost of current
much larger and more costly space systems. System design,
relevant technologies, payload capabilities (mass, power, data
rate, pointing, volume), and tactical mission applications of
this light-weight satellite are described. As part of the overall
small satelite system architecture, a portable, low-cost multi-
purpose ground station to support production, test, launch,
and orbit operations of the space segment is also available.
The versatility and transportability built into the ground
station allows placement at any government installation or
field site.

The prototype QuickStar space segment was developed to
ride as a secondary payload on a McDonnell Douglas Delta I
series expendable launch vehicle (ELV). With the extra
performance provided by the Delta I or other ELV of similar
configuration, as many as four satellites could be orbited at
one time. In addition, the paper describes a QuickStar
satellite configuration, incorporating the same subsystems
and capabilities as the prototype QuickStar, designed for
stand-alone ELV (Scout or Pegasus) launchings.

The program schedule for the design, fabrication, and test of
a QuickStar satellite system reflects the fast-paced
environment of a low-cost program. Minimal paper and
much concurrent engineering goes into a schedule that
provides a flight-ready spacecraft and supporting ground
station in only 15 months.

10 INTRODUCTION

The QuickStar program represents a unique opportunity to
perform critical missions while using the excess capabilities
of upcoming McDonnell Douglas Delta IT launches.
QuickStar, "The Complete System”, provides a highly
capable, low-cost spacecraft incorporating a flight-proven
design for fast, reliable access to space at launch costs much
below the expected norm.

The QuickStar design presented in this paper incorporatcs
existing but advanced design concepts from a number of
contracted and internally funded programs at Ball Space
Systems Division (Ball). In addition to the QuickStar space
vehicle, this paper also includes the development of a ground
station to serve as the primary command and control center.

*Chief Engineer, LOSAT-X/QuickStar
+Asst. Vice President, Business Development

Small, smart systems can revolutionize the way government
and cormmercial interests implement research, sirategic, and
even tactical space systems. To date, the implementation of
such systems has been inhibited by the widely held
perception that small systems are not likely to be useful,
reliable, or cost-effective. This negative perception about
small systems can only be corrected by a systematic approach
which addresses specific concerns and promotes mission
utility. To achieve this end, Ball Aerospace in 1988 initiated
an intemally funded effort called TECHSTARS. The
objective of the TECHSTARS program was o examine the
system architectures associated with small systems and 10
incorporate the advanced technologies required for the 1990s
1o produce light-weight space systems that are highly capable
and yet can be produced at low cost.

QuickStar is a program that uses the approach and knowledge
gained from the TECHSTARS effort.

30  DESIGN APPROACH

The QuickStar design is a derivative of the U. S,
Govemment-funded prototype spacecraft, LOSAT-X.
Figure 3-1 is a picture of LOSAT-X in the clean room at Ball
just prior to shipment to Cape Canaveral Air Force Station
Delta Launch Complex 17. LOSAT-X was the result of 3
government push to develop, test, launch, and cperate small
spacecraft and complementary sensor technologies.
Designed by Ball Aerospace, the LOSAT-X spacecraft
included an integrated avionics suite built around two 80C86
processors, a 0.25-Gbit mass memory, Ball-developed
reaction wheels, and a new wide field-of-view (WFOV) star
camera. Design drivers dictated that this complicated
spacecraft fit within a very small envelope on a McDonnell
Douglas Delta IT rocket as a secondary payload and still be
sophisticated enough to accomplish mission science
objectives.

Figure 3-1 The LOSAT-X spacecraft
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4.0 LAUNCH SYSTEM OVERVIEW

As with the case of LOSAT-X, QuickStar is launched as a
secondary payload on a Delta ll. The secondary payload
concept is shown in Figure 4-1. The QuickStar spacecraft is
attached to the Delta second stage through a payload adapter
system positioned between the second stage guidance section
and the vehicle fairing, well outside and below the primary
payload envelope. Depending on the excess launch
capability of the particular Delta II launch, up to four
QuickStars could be carried into space on a single launch.
The merit of not requiring a dedicated launch substantially
reduces 34U Ccosts and provides Mute Jauiivil Oppuliuiitie.
1o the user. However, if required, QuickStar is easily
adaptable to other launch vehicles because of its small size
and light weight.

5.0 SPACECRAF1 SYSTEM

QuickStar is a free-flyer. Design life is six monuis with a geal
of up to one year. QuickStar is a small highly capable, ow-
cost, light-weight satellite system using modern design
techniques. The QuickStar spacecraft is a 3-axis stabilized
vehicle that uses three reaction wheel assemblies, three
magnetic torque rods, a star tracker, and a L-axis gyro
package to maintain artitude control and determination.
Figure 5-1 is a system concept summary and illustration of
the QuickStar spacecraft. The QuickStar satellite
performance exceeds typical small satellite capabilitics
(Figure 5-2).

A functional block diagram of the QuickStar flight system
shown in Figure 5-3 illustrates the extent Lhat the spacecraft
is under software control. Through the use of an integrated
central processor, as compared to most satellite systems that
are a combination of dedicated hardware conwol units and
software processors, QuickStar is able to improve reliability
by replacing hardware with software at the same time
reducing volume, power, and weight requirements. In
addition, with the integrated central processor, extensive
testing of all spacecraft systems and control modes is possible
on the ground providing the confidence that it will funcdon
the same way on orbit,

Spacecraft equipment is mounted inside of the spacecraft or
attached to the exterior structure within the envelope
provided (Figure 4-1). Equipment attached w the spacecraft
exterior includes three avionics modules, three solar array
panels, reaction wheels, torque rods, two patch antenna sets,
trickle charge and test connectors, and a separation
fitting/connector. Internal equipment includes &
communicalion transponder, gyro, battery, and payload.
Figures 54 and §-5 illustrate both internal and external
component general arrangements.

Stucture/Mechanisms Subsysiem

The QuickStar spacecraft structure is approximately 49
inches long by 36 inches wide and 12 inches deep. The upper
deck doubles as solar panel substrates and is covered with
solar cells providing approximately 12 square feet of solar
array area on three panels. The lower deck assembly
provides mounting surfaces for all electronics boxes and
.pacecraft components. The upper and lower decks are
connected by four yoke assemblies forming the spacecraft
bus enclosure.

A separation attach {itting is externally mounied on the lower
deck. The attach fitting mates with the launch vehicle
separation mechanism. Separation mechanisms and ordnance
consisting of four arrayed explosive bolt/spring assemtlies
are provided on the launch vehicle side of the separation
interface.

Thermal Subsysiem

The thermal subsysiem provides the capability to maintain all
spacecraft components to within prescribed temperature
limits. Thermal control is accomplished by passive means
using high emissivity/low absorptivity finishes, and thermal
isolating hardware. The spacecraft design does not require
the use of multi-layer insulation blankets, louvers and/or
active heaters. Telemetry provides temperature
measurcments from thermistors located near or on various
key components and payload equipment.
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Figure 4-1 Integration of QuickStar to the Delta I1 Launch Vehicle




GENERAL ARRANGEMENT

KEY FEATURES
Delta |l compatible

.

Spacecraft Mass

.

Payload
Mass
Volume

Power

~ 130 W (average)

- 214 W (peak)

- Uplink 1 Kbps
- Downlink

-~ Payload: 1.0 Mbps
— Spacecraft: 1.6 or 32 Kbps
- Encrypted {inks, if required

3

3

= 150.0 Ibm (68.2 kg)

= 70.0 lbm (31.8 kg)
= 1.7 13(0.05 m%)
Extended Vol. = 0.8 {3(0.02 m3

3-axis stabilization

SGLS compatible communication links

integrated avionics

Passive thermal control s oe

Figure 5-1 QuickStar spacecraft system concept
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USUAL SMALLSAT QUICKSTAR

COMMENTS
CHARACTERISTIC LIMITATIONS CAPABILITIES
Frime structure Custom structure Honeycomb decking/ Inexpensive and simple

Polinting/stabilization

Pointing conirol
Attitude knowledge
Slew rates

Peak Power
On-board processing
Data storage
Downiink data rate

Propulsion

tnertial spinner or
gravity gradient

1-3deg

0.25 deg

No capability
«100 watts
500 KIPS

100 Mbits

32 Kbits/sec

Rarely considered or
available as an option.

trusswork box

All-pointer (3-axis)

0.1 deg
<0.1 deg

5 deg/sec (3-axis)
214 watts

2 MIPS

1-2.5 Gbits

1 - 5 Mbits/sec

Avallable.

to build.

Controiled by three
1 N-m-g reaction whoels,

10 deg/sec maximum.
GaAs solar arrays,

80386 processor

Solld state memory.

All links encrypted, if req'd.

AV = 200-300 ft/sec,

Figure 5-2 QuickStar key subsystem capabilities
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Figure 5-3 QuickStar spacecraft functional description

Transmitter - ' Butfer Box
i ‘ / o~ Sun Sensor, Pilch

I/ ~-— Star Camera

J;:

Alt Antennas (2) ~

N

N~ aymo

Sun Sensor, Roll —

Reaction Wheel —- —- Propulsion Elec (Optional)

Figure 5-4 QuickStar internal component general arrangement




Wheel Driver Elec —

i Test Connectorns —
§ .

it
Hydrazine Tank

Thruster (Cptional) N hN

“ ‘;~ Sep Bolts (4)

e ™

N S
ES R Bmemnnd
1
/ ' Lo
/ i
Torque Rods (3) —/ L PDU '~ Processor

Reaction Wheeis (3) —

Figure 5-5 QuickStar external component general arrangemens

Elecwical Power Subsystem

The electrical power subsystem provides electrical bus power
to energize spacecraft loads in all phases of the orbit. It
provides regulated power to the payload, power switching for
non-essential components, and undervoltage and overcurrent
protection for the spacecraft bus. The QuickStar spacecraft
uses a GaAs solar array for power collection and a batiery for
energy storage. The electrical power subsystem consists of
three solar panels, a 6 Amp-hour NiCd battery (or an optional
12 Amp-hour bauery), dc/dc converters, charge control and
power switching relays. The power subsystem operates at a
nominal 28 volt dc. The system is designed to provide an
average of 130 watts to the spacecraft system including a 15-
watl reserve.

Bus undervoliage levels (“yellow" and "red") are ground
selectable. When bus voltage drops below the "yellow", non-
essential components are switched off including the payload,
mass memory, and spacecraft transmitter. The receiver,
flight processor, gyro, PDU, reaction wheels and drivers are
maintained on the essential bus. In the event of a "red”
undervoltage, only the spacecraft flight processor, power
distribution unit, and receiver are left powered. This
configuration is sufficient to safe the spacecraft until a plan is
generaled by the satellite operations crews to analyze the
anomaly and command disconnected equipment back on.
Protection is also provided should an overcurrent condition
occur, Components on the non-essential bus are switched off
sirilarly to the bus undervoltage situation.

Avioni

The concept of an integrated avionics suite is borrowed from
current developments for fighter aircraft where all the
monitoring, control, housekeeping, and processing functions
are integrated together, not only for the synergistic effzct, but
also to reduce cost and improve reliability and
maintainability.

In keeping with the concept of integraled avionics, QuickStar
has replaced the separate boxes for cach major on-board
function (i.e., command and data handling, arutude
determination and control, and telemerry, track, and control)
cach typically with its own power supply. packaging,
connectors, and cable harmess with a 80386 central processor,
memory, and architecture technologies,

The attitude, telemetry, and command processor (ACTP) 1/O
provides for 32 analog inputs and 4 outputs, 32 parallel inputs
and 32 outputs, 4 serial inputs and 4 outputs, and 32 relay
driver outputs. The special functions interface contains a
serial I/O DMA controller, torque rod drivers, sun sensor
preamplifiers, momentum wheel tachometers, ransponder
interface, and reai-time clock circuits. The memory devices,
built with CMOS technology, are packaged using state-of-
the-art memory module manufacturing techniques, mounted
to four printed circuit wiring boards using surface mount
technologies, and architected into the avionics suite with
error detection and comrection circuitry. The resultis a
processor box that can recover from single event upsets
(SEUs), is latchup free, and can wlerate high radiation levels.

Command, Telemetry, and Ranging (C.T&R) Subsystem

The CT&R subsystem provides for the communication
between the spacecraft and the ground-based stations in
addition to providing an interface with all spacecraft
subsystems. Omnidirectional uplink capability is provided by
the fore and aft L-band patch antenna sets, a communications
transpondez, and the spacecraft attitude, telemetry and
command processor (ATCP). The command uplink rate is 1
10 2 Kbps. Downlink capability is provided by the ATCP,
data memory assembly (DMA), ransponder, and fore and aft
$-band paich antennas. Downlink rates include 1 Mbps for
the payload data and real time 1.6/32 Kbps for spacecraft
heaith and status.
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A hardware command buffer in the ATCP holds up to 512
commands which are either executed immediately upon
arrival from the receiver or stored for delayed execution in
command stored memory (CSM). Pseudo random noise
{PRN) ranging data is also sent w0 the receiver via the antenna
and is filtered and routed to the transmitter for turnaround
wansmission to the ground station (used for range
determination). The receiver porton of the transponder is
always powered-on from the spacecraft essential bus.

Attitude, Determination and Control Subsystem (ADACS)

The ADACS provides attitude determination and control for
the QuickStar spacecraft. The ADACS consists of a star
camera, a 3-axis gyro package, two sun sensors, a 3-axis
magnctometer, three reaction wheel assemblies and drive
clectronics, and three torque rods. Attitude determination is
accomplished using inputs from a small, wide-field-of-view
(WFOYV) solid-state star camera {via the ATCP and DMA)
when in the inertial pointing mode and the 3-axis gyro
package during tracking operations. Attitude control is
achieved using the reaction wheels while magnetic orquing
1s used to dump stored momentum in the wheels.

The WFOV star camera uses recently emerging technologies
in WFOV lenses and focal plane flattening. The result is a
greatly simplificd and lower cost star camera, Using the
more capable star camera in licu of Earth and sun sensors
results in a simplified #1titude determination and control
subsystem. With the relatively simple charged coupled
device {CCD) star camera along with a complex sofiware
program, the five brightest stars are sensed in the ficld-of-
view and matched 1o an on-board star catajog to compute an
attitude solution. Using the new WFOV camera, the ADACS
can provide attitude knowledge to better than 0.1 degrees in
all axes. In addition, its WFOV capability allows the on-
board star catalog to be under 500 stars, thus minimizing on-
hoard storage and power requirements and reducing
processor loading.

During normal operations, QuickStar is maintained in a Sun
Point Mode in which the solar panels are positioned normal

10 the sun-line for optimum power output. In this mode the
star camera is used for primary attitude determination.

During certain predetermined times, however, the spacecraft
can be commanded to one of several pointing mode types
such as "Track” or "Incrtial”. In "Track”, the spacecrait slews
so that the +X axis tracks a predetermined Earth fixed or
orbital position. During this time the star camera data is
unavailable so spacecraft attitude is determined by using the
gyro as a reference. Attitude uncertainties continue to
accumulate due to gyro drift until the end of the slew and a
star camera updalte becomes available. The Track mode
operates with any geodetic location whether on the face of the
Earth or at orbital altitude. In “Inertial”, the spacecraft is
pointed along a commanded fixed inertial vector. During this
mode, the gyro maintains zero body-axis rates. After cach
“Track” or "Inertial” maneuver, QuickStar is returned to "Sun
Peint™.

Back-up attitude determination is available using a 3-axis
magnetometer and the two sun sensors. Using sensed Earth
field line and sun dircctions, spacecraft body-axis attitude
solutions with accuracies on the order of | 10 2 degrees are
available.

Propulsion Subsystem
An optional element of the QuickStar system, based on

mission/payload requirements, is a lightweight propulsion
subsystem designed to perform delta-velocity mancuvers to

effect either orbit allitude or orbit phasing. The design of the
propulsion system includes a 5.1-inch diameter by 12-inch
long propellant tank operating at 500 psig, a 5 by dual seat
thruster, an electronics box containing valve drive amplifier
circuitry, and assorted fill values, pyro values, and plumbing.
The propellant tank contains 6.6 Ibm of hydrazine, enough
propellant to supply delta-velocity capabilitics on the order of
200 to 300 feet-per-second. Total propulsion subsystem
weight is approximately 15 pounds including 0.4 pounds of
pressurant. The thruster is positioned under the center solar
array panel, canted so the thrust veclor passes tuough the
spacccraft system center-of-mass.

The QuickStar propulsion capability 15 operated in a "pulse”
mode such that in between each thruster firing, enough ume
is provided for the contol system to remove any off-axis
disturbances that may have heen induced by thrust vector
misalignments.

6.0 GROUND SYSTEMS

As part of the overall small satellite system architecture, a
low-cost multi-purpose ground station 1o support production.
test, launch, and orbit operations of QuickStar has been
developed. Figure 6-1 shows the ground station providing
indepenaent data acquisition and mission control for the
QuickStar missions. The versatility and tansportability built
into the ground station allows placement at any government
installation, university, or contractor facility. Command and
control of the satellite and its payload can be as close as the
desk in your office.

Figure 6-1 QuickStar operational ground station

The QuickStar ground station and independent payload
processing center provides support for mission planning,
command gencration/uplink, data acquisition, processing, and
analysis. Ground station performance is summarized in
Figure 6-2.

The QuickStar ground station consists of an RF rack housing
a Global Positioning System (GPS) station clock, a digital
ranging receiver, a telemetry demodulator, bit synchronizer,
baseband assembly unit, signal generator, and 250-watt
uplink power amplificr. A rack mount workstation style desk
houses the baseband recciver, 1.0 Mbps demodulator/bit-
synchronizer, antenna control unit, and two redundant 25
Mhz 80486 microprocessors. A roof mounted 2.9 meter
antenna system includes the low noise preamplifier and RF
downconverter. Both the 80486 processors are capable of
real-time telemetry processing/display or command and
equipment control.
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Figure 6-2 Ground station and control center

performance

i

The complete workstaton incorporates additional 80486
microprocessors and off-the sheif equipment in 8 distnibuied
processiny environment providing mission planning and orbit
determination suppon, as well as off line data processung and
analysis. Ground station processors are networked via
Ethernet links and are scparalely connected W the incoming
ielemetry data and command lines via RS-422 high speed
senial interface boards. Each workstation is provided with a
printer for local control of elemetry snaps, system messages,
and status pnintouts.  All incoming telemetry data are
archived redundantly on digital 2.3 Gbyte 8-mm tape drives.
Telemetry data is first buffered in ground processor memory
and then subsequently stored off 1o either disk or tape.

As backup, QuickStar can provide its own Mission Unique
Equipment (MUE) in the Consolidated Space Test Center
(CSTC) of the Air Force Satellite Contro! Network (AFSCN)
much like Delta Star and LOSAT-X (Fi:ure 6-3). Data from
the spacecraft is serially routed through the DSM to CSTC
MUE where it is put on tape (still encrypred) and routed to
the Quick > ar ground station for processing and review.

The AFSCN can support QuickStar missions through the
Consolidated Space Test Center (CSTC) and sts worldwide
network of Remote Tracking Stations (RTS). This has the
benetit of providing QuickStar mssions with sateilite
command and data coverage at selected passes on a 23-hour
per day basis. A 9600 bps modem miterface provides
communicauon to and from the mission urugue equipment
(MUE) in the CSTC environment and also remote telemetry
display capability w other non-colocated PCs. The MUE and
software are identical w0 the command and control system
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used in the QuickStar ground station. The MUE receives all
telemetry data from DSM via an R$-422 serial interface. Di-
bit commands are generated in the MUE for throughput to the
RTS network. The overail MUE approach was selected to
preclude having to develop DSM related software, command,
and telemetry daa bases. Although, the approach sull allows
use of standard DSM services for network control, data
interfaces, tracking, and orbit determination.

Orbit determination is performed at the QuickStar ground
station. At the ground station, digital ranging data (without
range rate) is collected and a single site solution is generated
using the Microcosm 80386 based orbit determination
system.

10  TACTICAL/PAYLOAD APPLICATIONS

The QuickStar configuration is tailored for small payloads of
various configurations and its subsystems provide impressive
capabilities to the tactical payload (Figure 7-1). Although
QuickStar offers an optional propulsion zapability, the weight
of adding the propulsion system reduces the payload
capability by approximately 15 pounds.

The QuickStar payload cavity has a volume of 1.7 cubic feet.
The volume consists of three nearly equal cubes as shown in
Figure 7-2. The bulkheads forming the cubes can be
penetrated to form a single volume to accommodate larger
instruments. In addition, 0.8 cubic feet of volume, located in
front of the forward bulkhead, is also available for
instruments longer than the payload cavity. However, the use
of this volume is contingent on the particular primary payload
being flown on the Delta II and must be negotiated on a case
by case basis.

The capability to penetrate the bulkhcads of the payload
cavity allows a wide variety of instrument configurations 1o
be integrated into the QuickStar. Various "real” instrument
configurations being installed into the spacecraft are shown in
Figure 7-3. Scction A of the figure shows several small
instruments being integrated into the payload cavity, with
aperture penetrations for each sensor through either the
forward bulkhead or through the solar array substrait.

Section B shows how the internal bulkheads are penetrated to
accept a long, small diameter instrument. Section C&D show
other instrument and electronic module configurations that
also can be integrated into the QuickStar.

CHARACTERISTIC mﬂr‘l:s
Polinting stabilization All-pointer (3-axls)
Pointing control 0.1 deg
Attitude knowledge <0.1 deg
Slew rates 5 deg/sec (3-axis)
Payload power 40 W {orbit ave.)
Payload data rate 4 Mbyte/sec
Payload welght 70 ibm
Payload volume 1.7 cublc feet
Optional voiume 0.8 cubic feet
On-board processing 2 MIPS
Data storage 1 Gbit
Downlink data rate 1 Mbits/sec

Figure 7-1 QuickStar payload capabilities

Small, smart systems can contribute to many tactical support
missions inn ways that are only beginning 10 be understood.
Before these systems can become an integral part of the force
structure, convincing mission analyses and utility assessment
must be performed. A number of potential tactical
applications for a small, smart space system are identified
such as Earth observations/remote sensing, surveillance,
communications, and lechnology demonstrations.

Baulefield Surveillance

Tactical commanders need to reliably and accurately detect,
charactenize, and target enemy forces. Advancing armor,
surface-to-air (SAM) sites, airfields, supply depots,
headquarters units, etc., all need to be located and delt with.
A wide vanety of battlefield conditions need to be monitored.
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Figure 7-2 QuickStar payload volume




Protorvelectron, solar cosmic ray and
galactic X-ray sensors

Surveillance Sensor

RF Payload

Multi-Spectral Eanth Observation Sensor

Figure 7-3 Four possible payloads that are compatible with QuickStar

Figure 7-4 depicts a small, smart space system carrying an
clectro-optical sensor. Reasonable size sensors at altitudes of
300 10 500 km can sweep selected regions of a battleficld
with ground resolution of between 1.5 to 3.0 melers
depending upon altitude and viewing geometry, sensor
performance, size of the focal plane array, etc.  Multi-
spectral and day/night capabilities are also possible. A wide
variety of targets can be detected, recognized, and even
identified. Multi-spectral capabilities offer the potential for
detecting camouflage, concealment, and deception usage by
the enemy. Photon counting focal plane technologies can
deny night-time cover. Direct wide-band data links 1o tactical
vans can provide essentially real-time imagery for target
identification and selection. Needless to say that while the
scenario depicted in Figure 7-4 reflects a ground battle, many
other scenarios are possible. As a directed search system, it
can monitor harbors, naval bases, airfield, trainyards, and
factories—again both day and night.

The capability to view a single site with a single satellite
should not be the criteria upon which a space system should
be judged. Viewed within the content of broad area
surveillance in a 90-day war, the system could provide the
information on thousands of sorties. A small, affordable
space system would be both highly mission and cost
effective. This is doubly true if combined with other tactical
support missions such as tactical and weather monitoring.

Batdeficld RF signal collection is similar to baulefield
electro-opuical surveillance: the payoff to the tactical
commander is very high. Although the tactical commander
has organic signal collection asscis, they must normally be
put at risk to be used and they suffer from range limitations.
A space-borne directed search capability under the control of
the tactical commander would complement the ground, sea,
or airborne assets.

A typical mission scenanio is shown in Figure 7-§. Consider
the need for a strike against a deep airfield or supply area;
space-bome assets can contribute. Small highly-capable
spacecraft with high gain, narrow beamwidth antennas can be
directed by the tactical commander to scan the desired areas
slowly, dwelling on detected emitters if necessary. During
the pass, the space-bomne assets can view the desired areas for
several angles and for periods up to 10 to 15 minutes.
Detected signals could be processed on-board and relayed
directly to the tactical users. Stored command and data
capabilities would allow over-the-horizon operations.

Gap-Filling, Reconstitution, and Special Communication
Missi

FLTSATCOM. DSCS II1. and the future MILSTAR and UHF
Follow-On Programs are capable, long-lived systems.
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Figure 7-4 Electro-optical battlefield surveillance
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Should any UHF, SHF, or EHF satellite be lost due to launch
or on-orbil failure, the nation’s ability to replace them quickly
is severely limited. In short, we have essenually no
capability to augment, gap-fill, or reconstitute our military
comununications capability.

Modest communication capabilities at UHF, SHF, and EHF
can ali be implemented on QuickStar/Pegasus/Scout class
spacecraft (ref. Figure 9-1). These spacecraft can be
launched by Pegasus or Scout boosters. With high
performance orbital transfer systems they can achieve
Molniya and Geo-synchronous orbits (Figure 7-6). Payloads
with antenna/transponder weights of 60 to 200 Ib are
possible. Continuous electrical power of 40 1o 100 W 1o the
communications payload is available.

MOLNTIYA
(12 HR)

27967-U

GECG-SYNC
(24 HR)

MISSION

+ Augment, gap-titl, back-up
DSCS or MILSTAR

CONCEPT

* Small, limited channei
satetlites launched on-demand

+ GEO-synchronous and Molniya
orbit options

+ Compatible {transparent} to
existing ground terminals

* 90 to 180 days autonomous
operation

* Small ground control vans
15.2.9

Figure 7-6 UHFISHF/EHF communications
Reconstitutable Weather Support

The Joint Chiefs of Staff have defined nceded meteorological
support in terms of a number of critical issues:

+  Timeliness: Delivery time from observation to user

*  Refresh: Interval between observations of a given area

+  Ocean fronts: Improved observations of froats and
eddies

*  Cloud type: Distinguish cloud types

The current Defense Meteorological Suppont Program
(DMSP) provides the primary weather support to the DOD.
It is a capable system with direct downlinks to selected
tactical users. However, since only two spacecraft are

RIS B

maintained on orbit, JCS guidelines for umeliness and refresh
are not being sausfied. Also, the DMSP sensors are not
adequate (0 support tie ocean front observauon requirements.
The Navy currenuly relies upon a five.-band Advanced Very
High Resolution Radiometer (AVHRR) on NOAA's TIROS
satellites. This data is key 10 many naval operations
including anti-submarine warfare (ASW). The TIROS data is
unencrypted and used by the Soviets; in time of conflict it
will most likely be tuned off. Finally, as a low altitude
satellite, DMSP is subject to conventional laser, and nuclear
ASAT auack. It is not rapidly reconstitutable. Its loss would
severely impact the war fighting capabulities of nearly all
Lactical commanders.

Essential meteorological data can be obtained by a singie
instrument, specifically the five-band AVHRR. Itis a
relatively small instrument weighing approximately 75
pounds. It can be easily carried by small spacecraft and
provide direct downlinks to tactical users. The concept is o
add small satellites to the DMSP constellation improving the
systems umeliness and refresh capabilitics. These satellites
would mimic the DMSP downlink thus ensuring
interoperability with existing ground and sca-based recciving
stations. Information vital to naval operations would be
provided by muilitary spacecratt with encrypted downlinks.
Rapid reconsttuton by small booster is both feasible and
affordable.

Reseyrch and Developmeni Suppeort

Organizations that need 1o tost experynents or prototype
systems in orbit are {aced with a problem. Either they can
procure small satellites with limited capabilities for several
million dollars or they must group missions together o be
able to afford larger and much more cosdy spacecraft. Either
a user paid S2M for an inadequate spacecraft or $40M for a
complex, long lead-time spacecraft. The lack of an
affordable middle ground has inhibited the use of space by
the research and development (R&D) community.

QuickStar provides a low cost R&D platform that can
accommodate a wide range of payload configuration, orbits,
atlitude stabilization requirements, power levels, and
communication {inks. Much improved capabilities over
current systems are possible using today's technologies.

8 FLIG STO

On July 3. 1991, the prototype 1o QuickStar was successfully
launched into low Earth orbit as a secondary payload aboard
a McDonnell Douglas Delta H 7925 launch vehicle. The
primary payload aboard the Delta II was the Air Force GPS-
11 spacecraft. To minimize risk to the primary payload, the
QuickStar prototype was completely inert {(powered down) at
liftoff, placed into orbit by the second stage and activated at
separation, well after the GPS vehicle had been deployed.

At separation from the Delta, the QuickStar prototype
powered-up all subsystems and payload, nulled body-axes
rates, mancuvered 1o the required attitude, and approximately
34 minutes later performed a crucial element of the mission.
Accomplishment of a mission event so soon after spacecraft
separation represents atypical carly orbit operation since most
spacecraft require lengthy checkout periods before attempting
any type of payload operations.

The low-cost SGLS compatible ground station and CSTC
mission unique equipment operated as designed. The
Boulder site supporied 5 passes per day in addition to all
engineering data analysis, mission planning and command
generation.
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9.0 COMPATIBILITY WITH OTHER LAUNCH 10.0 CONCLUSION
SYSTEMS

The QuickStar system is also compatible with other small
launch systems. Figure 9-1illustrates a reconfigured
QuickStar spacecraft bus suitable for launching on the Scout
or Pegasus launch vehicles. The new spacecraft bus
configurations contain the same QuickStar flight-proven
system elements referred to earlier in the paper. The Scout
bus configuration is sized for multiple launchings: two copies
of the new configuration with modest payloads fit within
cither the Pegasus or Scout fairings and are within their
payload-to-orbit capabilities.

The QuickStar is not a concept—it is a flight-proven
spacecraft design. The spacecraft and supporting subsystems
including ground station can be delivered to a user within 15
1o 18 months depending on user required modifications and
payload interface complexities. The program schedule
(Figure 10-1) for the design, fabrication, and test of the
QuickStar satellite system reflects the fast paced environment
of a low-cost program. Subsequent spacecraft could be
delivered in 4 to 12 months if key compoenenysubsystem
purchases are initiated drring the procurement of the first
spacecraft.

QUICKSTAR SCOUT CLASS |PEGASUS CLASS

Spacecraft Family

Carrying Typical

Payload
Solar array Fixed Deployed / Articulated Deployed / Anticulated
Design iife/goal (months) 6/12 612 12738
Stabliization Thres-axis Three-axis Three-axis
Pointing ¥ dge (deg) 0.1/0.1 0.170.9 0.10.1
Mass at separation (kg) 100 148 389
Array power (BOL, W) 214 542 588
Downiink rate, maximum {Kbpa) 1,000 1,000 1,000
Payload mass, maximum {kg) 1510 32 50 to 100 170
Payload volume, maximum (m3) 0.07 0.2s 1.0
Payload power, orbit average (W) 2510 50 50 10 100 100

Figure 9-1 A family of Smallsat buses using QuickStar subsystems

Months ARO 1:213j4is5l6i7i8i9j10i11i12}13i14:15

Major Milestones ': Vi P P

ATP : PDR COR  Start Integration !

iCDs Payioad'Avaiable:

Program Planning System Engineering Definition "'"'1 ‘
Subsystem/Component Preliminary Design .
Detail Design
Procurement o ! :
Fabrication : . \

Compaonent Test

Bus Structure Assembly

Component/Subsystem Integration and Test

Experiment Intagration and Test

Space Vehicle Test

Ship

Figure 10-1 A fifteen month QuickStar satellite system program schedule
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1. INTRODUCTION

The technical performance specifications and
requircments for Attitude- and Orbit Controi
Subsystems (AOCS) for satellites are dictated bv a
large number of boundary conditions:
- The payload requirements (e.g. pointing accura-
¢y, LOS-stability)
The perturbation environment, both cxternai
and internal, i.e.
» Gravitational-, solar pressure-. air drag-, ma-
gnetic disturbance torques
» Reaction jets, wheel wobble. payload opera-
tion
- Ease of operability (command structure and se-
quences)
Onboard autonomy (command-. data and com-
munication links)
- Operational life time / reliability
- Maintainability, storabilty and so on
For the class of spacecraft under discussion here,
mass limitations, which will not allow major orbit
changes. and the different types of payicads for
surveillance. verification and C3I as well as strate-
gic aspects call for extremely high flexibility of the
AQCS-concept to enable:
- "Last minute " selection of the operational or-
bits according to the actual need
- Adaptation to the requirements of different
types of payloads (passive: Optical, infrared;
active: p.-wave)
- Compatibility with a large dynamic range of
plant parameters (e.g. large / small solar arrays
and structural flexibility depending on clectrical
power requirement)

Modularity of the AOCS in terms of type and ar-
rangement of cquipment (sensors. actuators),
control laws und operational sequences (OBC-capa-
ity and algornthms) therefore has to be a predo-
minant feature. {t is ¢expected that the flexbility for
adaptation (o specific mission requirements and the
modularity of the AQC subsystem epvisaged will
contribute to a low cost but still highly etficient
tactical satellite system.

On the basis of cxperience in Attitude- and Orbit
Control Svstem design, analysis, acceptance testing,
and in-orbit operations support for communication
satellites (INTELSAT V., TV-SAT/TDF, TELE-X,
DFS-KOPERNIKUS. EUTELSAT II), earth obser-
vation satellites (MOS-1, ATMOS), and scientific
satellites (ROSAT. EURECA. ASTRO-SPAS).
suitable AOCS-concepts are discussed in the paper.

2. REQUIREMENTS AND CONSTRAINTS

In addition to services alreadv generally available,
tactical satellites of the tvpe in question here are
supposcd to provide on short notice and particular
request improved and cificient services in at least
one, preferrably several of the following five mus-
sion areas:

- communications, c¢.g. from, to and between

mobile units on ground or between satellites

- weather, i.e. detailed actual weather conditions

and prediction in definite local areas
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- missile warning, ¢.g. against tactical ballistic
missiles. to possibly improve the efficiency of
defensive actinas

- navigation to contribute to the provision of
highly accurate navigation data

- observation, surveillance and verification, ¢.2. 0
check disarmament treaty violation or - in a
battle tield scenario - to monitor force deploy-
ments and to provide target recognition, theater
targeting and verification

As a conseguence of the general mission objectives

outlined above, operational and performance re-

quirements. cavironmental conditions and con-
strainfs are imposed on the Attitude- and Orbit

Control System, which are subsequently outlined to

vstablish the general frame for the AQCS.

2.1 Mission and Payload Requirements

For various reasons like launch cost. mass in orbit,
image resolution or power regquirements ol obser-
vation payloads the spacecraft under discussion
will be injected into relatively low earth orbits
(about 300 to 1000 km). In general near polar. sua-
synchronous. cirular orbuts are preferred, which are
characterized by the condition that the product of
three orbit parameters, ie. orbit semi-major axis.
¢xcentricity, and inclination has a specific numeri-
cal value, entraining the orbit node to rotate with
one revolution per year. For optical observation
paylaods "dawn orbits” are particularly suited. Ia
this case the 5/C will always view the surface of the
carth at any given latitude at the same local time
(see e.g. ref. 1, p. 68). A graphical representation
of the orbit parameters “inclination” (in deg.), the
“orbit period’ (in munutes) and the 'S/C velocity
(in mysec) as a function of altitude (in km) for
circular sun synchronous orbits is given in figs.
2.1-1a to 2.1-1c of Anzex L. respectively.

For such orbits the revisit period of specific terre-
strial locations in equatorial regions or at low earth
latitude for a single S/C may be unaccetably long
for tactical earth observation requirements. where-
as the revisit period in mostly uninteresting polar
regions in principle equals the orbit revolution
period. This situation can be improved as follows:

- For observation of a particular region on earth
the S/C is launched into a dedicated orbit, the
revolution period of which is an integer fraction
of 24 hours. The revisit time will then be at
least once or even several times a day. For -
stance (ref. figs. 2.1-1a and -1b) a satellitc in

sun-svachronous orbit of (about) 570 km altitude
and 97.6 deg . -linatton will have an orbit pe-
riod of 96 min and pass over the same area
every 15" revolution. 16 orbits per 24 h (orbit
period of 90 min) would even allow to revisit the
same target every 12 hours (in the descending
N/S and ascending S/N orbit crossing) but requi-
re an altitude of 275 km (inclination 96.56 deg)
and the $/C would cxperience significant air
drag as will be discussed later (fig. 2.1-3, Annex
1).

- A oumber of payloads can provide large ranges

of "side looking” capability, enabling observation
of a local area under different aspect angjes in
successive orbits. Except when phased array
antennas are emploved this generally requires
mechanical slewing of optics. mirrors and/or
reflectors and in turn mav given rise to signifi-
cant 1internal torques and associated attitude
perturbations.
Selection of low inclination orbits instead of
quasi-polar orbits with inclination angles cove-
ring the range of geographical latitude of paru-
cular interest.

- Placing a sufficient number of satellites iato
appropriately ioclined, mutually synchromzed
orbit 1o ensure the desired coverage probability.

The relationship between the number of satellites
required to ensure coatinuous coverage from any
point on the earth under a tocal elevation angle of
at least 10 deg as a function of circular orbit altitu-
de is shown in fig. 2.1-2 (ref. 2 ) of Annex 1. Pro-
per sclection of orbit inclination and phasing of the
orbiting satellites is required. Particular examples of
Low Earth Orbit (LEQ) Commuuication Sateilite
Svstems ¢.g. MOTOROLA/IRIDIUM or TRW-
ODYSSEY requiring 77712 satellites at 795/10350
km altitude are schematically indicated in this figu-
re. The number of satellites decreases, of course of
polar coverage is not required. In any case orbit
inclination and phasing of individual §/C forming
part of a satellite system have to be retained or
respectively corrected in case of deviations from
nominal during operational life time.

For the assessment of the amount (m,) of mono-
propeliant hydrazine required to matutain a circular
orbit of given, relatively low altitude. reference is
made to fig. 2.1-3 (Annex 1), where the drag factor
(f) per day (d) and unit cross-selectional area (Q)
of the $/C is plotted. The propeilant mass is then
given by




m, =[eQ)ad

When liquid bipropetlant engines providing hizher
specific impulse are vsed, the propetlant mass is
about 25 % lower. In addition to altitude correc-
tions inclination corrections may have to be pertor-
med. The inclination drift at altitudes between 280
km and 390 km amounts to about 0.2 degyyear and
requires approxmately 27 mysec velocity increment
for correction.

2.2 Spacecratt Physical Characteristics

It is, of course not the objective of this paper to
claborate on TACSAT mechanical. structural.
power and payload design features. In view of the
fact, however, that the AOCS is the 8, C subsvstem
wiath the largest number of functional and hardwa-
rentertaces wath other subsystems as well as satel
fite operational procedures, 1t s regarded aecessa-
rv to establish at least a rough trame of the expee-
ted 8.C physical characteristics:
The $:C mass targeted for consideration :n
TACSAT mussions s between 200 and 700 ku
Le. wathin the pavioad rnge of dedicated laun-
chers like PEGASUS, TAURLUS cie.

- Onboard clectrical power generation capability
of about I kW is regarded necessary to allow
for
o half orbit eclipse periods and
 operation of microwave pavioads (SAR tvpi-

cal average power 3¢ W, peak power about

10 kW/pulse)
Consequently a solar arrav surface area of
about 8 to 10 m* will be required corresponding
to a mass contribution of about 16 to 20 kg if 4
typical weight factor of 2 kg/m” and usc of con-
ventional silicon solar cells are assumed. GaAs
solar cells providing about 30 ‘% increase in
power oulput per unit surface area will have to
be excluded for cost reasons,

- $/C geometrical configuratons are generally
determined by the constraints imposed by
+ the launcher cargo bay dimensions. shape

and acceleration load,
» the payload requirements {including power).
If the fundamental configuration shall be retai-
ned for the different mission applications as
outlioed under section 2, the geometrical requi-
rements associated with
« optical observation payloads i.c. telescopes
of sufficicnt focal length, operating in the
visible and infrared region, and requiring

cooling of the detector arrays (c.g. liquid
helium dewers) and/or
« microwave payloads (SAR) with large arca
(n-waveieed or phased array) antennas suffi-
ciently extended in long track direction
are cxpected to be the design drivers. Some
square-shaped, modular ceatral bodv truss struc-
ture with triangular. rectangular or hexagonal
cross-sectional area seems to be principly ade-
quate and will provide the necessary free surfa-
ces tor the housing the folded solar arrays and
ensure unobstructed field of view for attitude
measurcment scosors and {ree space for atutude
and orbit control reaction jets.
Quite a number of cxisting desings (e.g. LAND-
SAT 6 - ref3. MOS-1, see secuon 3.2) are
cquipped with a single wing solar array gving
rise to large (solary disturbance torques and
disturhance torque chanees durne eclipse tran-
~sitions, due to the unsvmmetricai configuration.
From the AQCS pownt ot view a svmmetrical
configuration as generaliv adopted for geosvn-
chronous commumcation satellites s of course
hiehly desirable. In view ol the requured Hexibi-
ity tor free selection of the orbit inclination
according 1o the tactical requirements the solar
arrayv is assumed to be orientable not only as
usual around its axis of symmetrv. but also about
an axis perpendicular t the tirst axs of rotauon.
Motor driven deplovment mechamsms as for
mstance implemented in EUTELSAT I can be
casiy modified to allow servo-controlled articu-
lation of the solar array at the veke junction to
cnable orieatation of the solar arrav surface to
the sun for a large range of orbit inclinations.
Moreover by controlling the solar array rotation
about two axis, solar pressure torque compensa-
ton techniques can be applied to improve attitu-
de control pertormance and onboard angular
momentum management,
In fig. 2.2-1a (Annex 1) such a vanable solar array
configuration capability 1s schematically indicated.
Unsymmetrical deflection of opposite solar arravs
w.r.l. the sun direction will generate solar pressure
torques about an axis perpendicular to the sun
incidence plage, counter-rotation as shown in Fig.
2.2-1b wall give rise to "wind mill torques” acting
around the sun line.
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23 AOCS Operational and Performance Re-
quirements

From the mission and payioad requirements the
detailed functional and performance requirements
are derived.

Typical attitude control accuracy and line-of-sight

stability requirements for the missions out-lined in

section 2 are summarized in table 2.3-1.

Furthermore AQCS related Data Management and

Control (DMC) tasks have to be performed, in

particular:

Surveillance and control of subsystems like ther-
mal- and power monitoring and control

Fault detection, isolation and recovery
Mission- and operational telemetry and tele-
command data handling

Operational tasks to be covered by tiic AQCS are

for inslance
prowvision of complcte onboard autonomy during
periods of no ground station contact,

- orbit corrections on time tagged commands.
updating and p.pagation of orbit model para-
meters and correlation with instantaneous atti-
tude data.

3. ATTITUDE- AND ORBIT CONTROL
SYSTEM CONCEPTS

Subsequently the characteristic features of conven-
tional AOCS for communication- and application
satellites will be outiined, allernative equipmeant
and concepts for attitude measurement and control
will be discussed and their feasibility for applica-
tion in TACSAT missions will be assessed.

3.1 Typical Conventional AQCS Characieristics

AQCS technology and concepts of most S/C pre-
sently operational or in production are very simi-
lar. In particular the three-axds attitude stabiliza-
tion principle is generaily applied, primarily in view
of the growth potentiai of the onboard power sub-
system. For ease of reference the discussion of
conventional AOCS characteristics to follow will
be based on satellite families, for which the AOCS
design authority was with DASA (Deutsche Aero-
Space AG).

3.1.1 Commercial communication satellites

Within more than 20 years of AOCS design, manu-
facturing, qualification, testing and early in-orbit

operation support activities for communication
satellites, extensive experience has been gained in
soiving related control dynamics problems like
stabilization of structural flexible modes, active
damping of undamped osciilations via inertial coup-
ling or bandling varying instability conditions of

sloshing propellant masses. In table 3.1-1 (Annex 2)

a review of the S/C under discussion here, 24 of

which are presently operational is given together

with their launch dates. Table 3.1-2 (Annex 2)

summarizes their specified AOCS performance

figures and essential characteristics of the control
concepts.

- The 3-axs stabilization technology for commer-
cial geosvachronous communication satellites
using the bias momentum principle was first
established with the French-German experimen-
tal technology satellites SYMPHONIE. Both
flight models operated successtully for more
than 3 vears. The 5/C was spin stabilized in
transter orbit and during (liquid bipropeliant)
apogee boost and despun by vo-vo. Normal
Mede (NM) attitude stabilization in GSO was
performed with onboard closed loop pitch con-
trot using Infrared Earth Seasor (IRS) and fixed
momentum wheel (FMW), roll/vaw corrections
by cthruster pulses commanded from ground.
Closed loop attitude control during orbit correc-
tions was based on sun and (IR-) earth refe-
rence and modulation of 16 N liquid bipropel-
lant thrusters.

- The series of 15 INTELSAT V S/C, developed,
manufactured and launched in the pertod from
1976 to Jan. 89 was also spin stabilized in trans-
fer orbit and during (solid propellant) apogee
boost. Roll/lvaw NM control is based on IRS
{roll-) reference and the WHECON principle.
using monopropellant hvdrazine thrusters. Atti-
tude control during orbit corrections was perfor-
med as established in SYMPHONIE with sun-
and earth reference and thruster modulation.
Two S/C were lost due to launch vehicle tailures,
all others are still operauocnal. partly aiready
exceeding their design life (7 years) by a factor
of 2. Dedicated. automatic sun acquisition and
safety modes and concepts for stabilizing solar
panel structural flexibility effects have been
developed.

- A significant progress in AOCS technology has
been made during development of the direct
television and broadcasting satellites TV-SAT/-
TDF and TELE-X. Apart from new designs of
attitude measurement cquipment (sun-, earth




sensors, gyros) incorporated in the AOCS, the
3-axis stabilization technology for transfer orbit
operations and during (repeated) apogee boost
maneuvers has been established, using for the
first time a unified liquid bipropellant propul-
sion system for attitude control, orbit control
and Apogee Boost Maneuver (ABM). Further-
more these $/C are cquipped with a coarse
body control and an additional antenna fine
pointing system based on RF-sensing and con-
trol of the TX-antenna beam orientation w.r.f.
a ground beacon to an accuracy better than =
0.025 deg each axis. Special reacquisition con-
cepts in case of attitude loss or battery failure
(recovery after eclipse) have been incorporated.
All attitude measurement, data updating, for-
matting, monitoring, mode scquencing and
control f{unctions, ecxcept antenna (structural
{lexibility) stabilization have been implemented
in a central, digital, internallv redundant onbo-
ardcomputer. TV-SAT FM1 had to be deor-
bited because ome solar arrav wing failed ro
deploy in GSO and simuitaneously blocked de-
plovment of an antenna reflector. The robust-
aess of the AOCS design operating then under
most abnormal conditions, was, however, un-
intentionally demonstrated, as well as its flexibi-
lity offered by in-orbit reprogramming of the
~oboard computer, when for different attempts
of rescue maneuvers, additional control modes
and sequences have been impiemented.

DFS-KOPERNIKUS a smaller class S/C family
of different geometrical configuration ("rabbit-
ear” antenna arrangement. liquid bipropellant
tanks in ABM direction) is 3-axis stabilized in
TO and GSQO, the solar arrays being tully de-
ploved already in transfer orbit and during
(repeated) liquid bipropellant Apogee Boost
Maneuvers. For this operational mode the
AOCS design has to cope with panel oscilla-
tions and propellant sloshing phenomena in
overlapping frequency bands. the sloshing dyna-
mics experiencing pole-zero inversion during
the maneuver. Concepts and provisions for in
orbit gyro calibration have been incorporated to
also ensure compatibility with midnight launch
conditions.

As compared to the previous communication
satellite in the EUTELSAT I AOCS the follo-
wing innovations have been incorporated:

+ The capability to acquire the earth any time

of the day

+ A S/W safe mode for minimization of outage
duration in GSO

« An optimum Nutation and Angular Momen-
tum Countrol concept to ensure higher yaw ac-
curacy (as compared to WHECON) in pre-
sence of high disturbance torques (NM roll/-
yaw control)

» The capability to perform orbit corrections
with yaw reference from gyro, ic. any time
per day (also in colinearity regions)

» High pointing accuracy during station kee-
ping maneuver (SKM) transients
ln-flight recording of the thruster firing
history for propellant budget monitoring

312 Earth observauon and scientific application
satellites

World wide a large vanety ot low earth orbit satel-
lites for ail tvpes of terrestnai and environmental
observauon as well as scicntific and research pur-
poses have been designed. deveioped and launched
within the national programs of the respective
countries or by international agencies (e.g. LAND-
SAT. SEASAT. SPOT, ERS etc.). They are equip-
ped with dedicated. optical. infrared. muitispectral
or microwave payioads. their AOC being tailored
for the individual requirements. Subsequently a
short review of the typical AOCS charactenstics of
this tvpe of S/C will be given on the basis of satelli-
te examples, the attitude and orbit control subsy-
stems of which have been developed under DASA
responsibility.

Table 3.1-3 gives a review of these satellites, their
development period and launch schedule. Table
5.1-4 summarizes their attitude control comcepts
and performances characteristics

The AOCS for MOS-1, the first Japanese Mari-
ne Observation Satellite was designed and deve-
loped up to and including the level of develop-
ment model hardware impiementation and clo-
sed loop subsystem functional- and performance
testing in a joint GermansJapanese development
and training program. Engineering- and flight
model manutacturing and acceptance testing has
then been performed under responsibility of
Mitsubishi Electric Cooporation. The $/C were
taunched into about 900 km circular sun syn-
chronrous orbits. Orbit correction capability (and
back-up wheel unloading) is provided by a set of
hydrazine thrusters. Normal mode coutrol is
performed by two momentum wheels in V-confi-




guration. Wheel desaturation is nominally per-
formed using magnetic torquers in quarter orbit
cycling.
ROSAT. developed within a German, UK. US
scientific satellite program operates in a 370 km
circular orbit, inclined by 33° wr.t the equaton-
al plane. Attitude reference is established by
high precision star sensors and a set of 4 inte-
grating ayros (one skewed). A coarse sun sen-
sor assembiy with 4 FOV providing two axis
attitude reference is used for initiai and emer-
gency sun acquisition. For the scientific mission
two operational modes are foreseen:

« In scanmode the 5/C rotates about the sun
line and the telescope mounted perpendicu-
lar to the axis of rotation performs within o
months a complete sky survey for detection
of new X-rav sources

« In pointing mode the telescope is rotated o
dircections sciected by the eroundstation for
dedicated source observation

In both modes of operation inertial attitude
reference is derived from star sensor measure-
ments and star wdeatifications with an onboard
stored star catalogue. A set of 4 reaction wheels
in skewed arrangement generates the necessary
control torques. A three axis magnetometer and
3 magnetic torquers are used respectively tor
determination of the earth magnetic field vector
and wheel unloading. Due to equipment failures
emergency strategies for attitude genmerauon
from magnetometer measurcments and an
carth magnetic field mode!l onboard of the 5.C
had to be developed and implemented.
EURECA, the EUropean REtrievable CArrer.
developed by DASA under ESA coatract. shall
be the platform for 3 different scientific mis-
sions. where the first mission (launch and re-
turn by shuttle) performs experiments under u-g
conditions. The AOCS (a cooperation between
DASA. MATRA, GALILEQO, LABEN) is able
to perform orbit change maneuvers (boost-up.
boost-down, inclination correction) sun and
carth acquisitions with a hydrazine thruster
system and is sun oriented in normal operation
with a low fevel cold gas system supported by
magnetic Lorquers.

ASTRO-SPAS is a reusable satellite platform

built by DASA under DARA contract, which

shall fly once per year, beginning in 1993. It will
be launched with the US Space Shuttle, set free
in orbit and also berthed from the same shuitle.

Its ACS is equipped with a rate integrating gyro

package, a high precision star seasor, a GPS

receiver and a set of cold gas thrusters. Similiar

to the ROSAT mission two principle modes of

operation can be performed:

» In pointing mode the telescope is oriented
into ground selected orientations

» [n scanmode earth atmosphere observations
are performed where the earth reference
information frame is obtained from the GPS
receiver,

As in ROSAT. in both modes inerual attitude is

obtained from star sensor measurements and

star catalogues.

3.2 AOCS Alternatives, Trade-offs and Trends

When discussing AOQCS alternatives for TACSAT
appiications. the aspecets associated wath attitude
reference generation. force- and torque generation
and atttude control concepts mcluding the related
cquipment and software have to be adressed.

2.1 Aunude reference generaion equipment

The general request for low cost solutions umplies
that attitude measurement cquipment should be
used. which just satisfies the subsystem performan-
¢e needs. In view of the large variety of mission
objectives and associated performance requirements
(see table 2.3-1), however, cquipment of squivalent
measurement qualitv standards (and costs) has to
be selected. Consequently the AOCS concept must
provide the necessarv tlexibility to tie-in different
kinds of measurement devices as requested by the
application case. The types of equipment in que-
stion are of course Infra-Red ecarth Sensors (IRS),
Precision Sun Sensors (PSS). STar-Sensors (STS)
and Rate Integrating Gyros (RIG). Apart from
conventional design performance characteristics.
new designs are of particular interest. For the tvpi-
cal performance data, refcrence i1s made to table
32-1.

322 Force and torque generanon technoiogy

Spacecraft directly injected into target orbits with
limited orbital accuracy demands and/or or relati-
velv short operational life time mav not require
orbit corrections and consequently also no propul-
sion subsystem. In general, however, orbit correc-
tions will be necessary to achieve and maintain the
desired operational orbit. In view of aspcets like
inherently different propellant utilization efficizncy,




the burn-out (or dry) mass and subsystem compie-
xiiy, the most appropriate solution primanly
depends on the total velocity wncrement to be
generated for the mission in question.

In tables 3.2-2 and 3.2-3 characteristic parameters
of catalytic, monopropeilant hydrazine- and liquid
bipropeilant thrusters respectively are summarized.
For case of reference, again equipment available
from DASA iu-house manufacturing has been used
as a basis of comparison. The parameters of the
liquid bipropellant reaction jets refer to ‘second
generation” thrusters. They differ from previous
and conventional design in that the combustion
chamber is made of Platinum-Rhodium alloy,
which allows higher operational temperatures and
better efficiency than he classical regenerauve
chamber cooling principle. High pulse reproducibi-
litv 15 ensured by the swirl atomizer injcction in-
stead of ¢one injection principie used.

The diagrams of figures 3.2-1 and 3.2-2 show ihe
specific impuise and impuise bit size respecitvely
of the DASA 10N and 4N 27° acneration thrusters
in pulsed mode of operation as function of thruster
ON-time tn comparison (o conventional reaction
jets. Small minimum umpulse bit size {and accurate
reproductbility) are particularily tmportant featurcs
from the AOCS point of view.

Figure 3.2-3 shows the graphical representation of
trade-off results, performed to identifyv the benetit
of liquid bipropellant propulsion subsystcm totat
mass including tanks, propeilant, piping, and thru-
ster system for a satellite with 8 small AQCS-thru-
sters as compared to mono-propellant technology.
It turns out that the liquid bipropellant technology
1s alway superior and offers increasing mass benetit
over monopropellant svstems tor increasing total
mmpulse (Ns) to be generated.

While during orbit correction maneuvers the di-
sturbance torques cncountered during Av-genera-
tion due to $/C centre of mass offscts are usuallv
retauvely high and necessitate counteraction by
(the same) thruster system in ON- or OFF-modu-
lated operation, exteroal toraues for attitude con-
trol or momentum management 1 normal opera-
tion may also be generated by magneto-torquers,
The relatively high magneuc tield streagth ot the
carth at low orbit altitudes ts particularly suited for
magnetic torquing,

Table 3.2-4 summarizes the most important para-
meters of torque rods as manufactured by ITHA-
CO. High performance atutude control and stabili-
zation of all S/C axes in the necessarv dynamic
range is best accomplished by angular momentum

storage devices e, reaction- and momentum
wheels. Fig. 3.2-4 gives a small selection only of
possible whee! arrangements and combinations for
generating (internal) control torques about one or
several S/C axes and/or bias momentum perpendi-
cular to the orbit plane. As already mentioned with
the tvpical AOCS concepts of section 3.1 the bias
momentum principle offers particular advantages if
attitude reference about all three S/C axis is not
continuously available. Therefore momentum-/reac-
tion wheel cornbinations are expected to cover most
applications. A summary of characteristic parame-
ters of off-the-shelf cquipment (manufacturer:
TELDIX) is given 1o table 3.2-4 of Annex 2.

123 Feusibiline assessment of control concepts for
TACSAT nussions

From the previous discussions of mission objectives.

controf concepts, alternatives and cqumpment trade-

otfs and the AOCS requirements us summarized in

rable 2.3-1 it becomes obvious that

- the classicai bias momentum svstem with two-
axis attitude reterence and WHECON control
can only saustv the needs for communication
mussions. where no particuiarly stringent require-
ments are imposed on the Line-of-Sight (LOS)
stability.
In the case of weather satcllites, for the limited
periods of scanning or picture-taking adequate
LOS-stability must be ensured. absolute attitude
pointing accuracy is not so critical
For carth observation missions. depending on
the observation pavioad concept (push-broom.
Jetector arrav. scap mirror, muiti-spectral de-
composition} and ground resolution both accura-
e pointing and LOS-stability become iacrea-
singly important. Pavioad operation will have to
be interrupted during orbit correction and tran-
sient periods. In normal mode wheel coatrol
about ail three axes accompanied with high
precision attitude reference has to he forescen.
Surveillance and verificauon being also earth
observation tasks necessarilv impose at least the
same requirements oa the AOQCS partly even
presence of payload-induced perturbation envi-
ronment. -wave pavioads additionally require
highly accuratz orbit data (GPS), LOS stability
and accurate attitude reconstitution over long
periods (minutes’. Pavload data processing and
pavload/attitude data fusion is generaily required
entraining high demands on onboard computa-




tional and storage capacity and TM-prionty
during ground station coatact.

4. AOCS BASELINE CONCEPT

In the past S/C design has often been performed
with the emphasis placed primardy on mechanical
and structural configuration aspects without taking
into account the impact on other subsystems to the
necessary extent. As far as the AOCS is concer-
ned, it is of course understood that its $/C internal
and external communication- and access capabili-
ties can provide the necessary flexibility for adapta-
tions to a given environme=nt but disregarding
certain demands from the AOCS on the S/C bus
and cquipment configuration would entrain the
necessity to establish a dedicated AOCS-concept
and make a special design tor each mission obicc-
tive and associated pavload under discussion here.

The approach outlined subsequentlv aims at ma-

king best possible use of the inherent flexability

features of the AQCS for the benelit of the overail
system and is expected to meet the different mus-
sion requirements without major modifications.

General features of the concept in question are:

- The AOCS shall be designed to incorporate
sensor and actuator equipment alternatively or
in combination as required to meet the pointing
and LOS stability performance of table 2.3-1.

- The Data Management and Control (DMC)
functions of section 2.3 shall be integrated with
the AOCS (Integrated Control and Data Mana-
gement System - ICDS).

- Data transmission within the S/C shall be per-
formed by means of a digital serial data bus.

- H/W and S/W implementation shall be based.

- The capability of performing orbit corrections
shall be provided.

- Payload data management (and preprocessing),
which may necessitate extremely high computa-
tional and storage efforts is regarded as a task
completely separated from the ICDS.

4.1  Sensor Configuration

It is understood that the whole scale of missions
under discussion here can be best served, if the
highest performance attitude measurement equip-
ment is selected, i.e. precision star sensors and rate
integrating gyros in strapdown mode of operation.
This will, however, also be the most expensive
solution and represent an overdesign for less ambi-
tious, e.g. communication applications. Subsequent-

ly the attempt is made to define a sensor configu-
ration, which could cover all situauons, but inevita-
bly imposes restrictions on the system lay-out.
It is assumed that TACSATS on request of strate-
gic demands shall operated in between near polar
(sun synchronous) down to near equatorial low
earth orbits, the sun incidence angie with respect to
the orbit normal also possibly varying between zero
and 90°. If it is furthermore assumed that the array
design provides the double axis orientation capabili-
ty discussed earlier, an orientation of the solar
array axis of rotation approximately parallel to the
direction of motion 3s favourable (see fig. 4.1-1a)
- for very low altitude orbits (< 500 km) due to
ar drag (see fig. 2.1-3)
- if the sun is in a region around the normal to
the orbit plane isav = 45 deg)
- for low inclinations of the orbit plane w.r.t. the
cquator
An vrientation of the 3. A, axis of rotation perpen-
dicular to the direction of 8,C motion (paraliel to
the carth surface) is more favourable (see fig. 4.1-
1b)
- for high aititude, high inclinauon (near polar)
orbits
- for low sun incidence angles w.rt. the orbit
plane
The highest flexbility would be caswed. if - for
respective applicaton orbits - the $/C orientation
w.r.t. flight direction could be selected either way
and the payload (pointing in nadir direction) alter-
nauvely rotated by 90 degrees around its line of
sight in the $/C.
A fecasible arrangement of all (optical) attitude
measurement equipment, is schematically indicated
in tig. 4.1-2. The $/C axes are denoted by x. vy, z
(roll. pitch. vaw), where the vaw-axs is always
nadir-pointing. The schematic of optical sensor
arrangement on the §/C body surface of fig. 4.1-2
shall not postulate that ali sensors indicated have to
be available simultaneously in the same S$/C. For
communication missions ¢.g. the expensive sensor is
not required, in high performance missions with
stellar-inertial reference on the other hand the IRS
is obsolete.
The conical scan [RS points into S$/C y-direction
(or opposite to it, depending on the sun incidence
angle w.r.t. the orbit), which ’s the direction of
motion in the case of fig. 4.1-1a and scans the earth
underneath under a 45 deg cone angle. The star
sensor is mounted on the -z face (away from the
earth) inclined into the v-direction (or opposite to
it) scanning the sky as the S/C rotates around its x-




axts during orbit motion. The sun is assumed to be
around the x-axis in a cone up to about 70 deg
(about 45 deg = 23.5 deg inclination, polar orbit
case). Two double ads fine digital sun sensors with
= 64 deg measurement range (both axes) are
mounted in the $/C xy plane with their optical
axes inclined w.r.t. the x-axs by 60 deg.

In the case of fig. 4.1-1b the $/C is rotated around
its z-axis by +90 deg, the x-axis then being the
direction of motion. the IRS and STS turaed away
from the sun direction, which then may be close to
the $/C orbit plane.

42  Actuator Configuration

Following actuators will be used

- 4N reaction jets for attitude control ana orbi
COrrection mageuvers

- Momeotum wheels and reaction
attitude control

wheels tor

The arrangement and the torque torce veneranion
concept of the different actuators 1s desceribed sub-
sequently.

42.1 Reacuon Jets

The autitude control and orbit correction mancu-
vers are pertformed by 12 double valve thrusters.
see tigure 4.2-1. The followng notation tor the dif-
ferent thruster sets is used for the subsequent dis-
cussion. where each individual thruster is denoted
by a number and a character:

set A = (1A, 2AL 3AL4A)
Set B = (1B, 2B, 3B. 4B}
Set A/B = (1A, 2B, 3B, 4A)

Set B/A = (1B. 2A. 3A, 4B)
Set C = (IC, 2C. 3C, 4C)

Table 4.2-1 uives an overview of the thrust levels
and the principal orientations of the different thru-
ster sets.

Note that the 4 thrusters of set A or sct B are
placed and onented symmetrically w..t. the COG
and the principal axis, respectively. This arrange-
ment implies, that the relation between the dxi
thruster activation vector a and the 3x1 torque vee-
tor z applicd on the $/C

is qualiitatively the same tor these two thruster sets,
or with other words, the 3x4 torque matrix T, has
always the form

It
}Ca fex "t
P . -

Tc x!uw Ct‘/ oy, o
[Cn Lo T To

where €, 1, i, arc the nonzero absolute values of
the torque levels around the 5:C x-. v-, z-axs. They
will be optimized according to svstem requirements
{e.g. expected disturbance torqued. by an appro-
priate choice of the placement, e, the lever arm
w.rt. COG and onentation of the thrusters.

For wdeally mounted thrusters even the numencal
values of t.,, 1., t, dare idenucal. due to the svm-
metry nroperty. This fact has the consequence that
m case ol fatlure of one thruster of set A (or set B
resp. . the double walve thruster coafigurauon per-
mis 1o choose toe thruster st ~et B tor et AL
resp.y wvith the same number (0 assure the redun-
dancv. Allerpauvelv it can be swatched directiv to
the heaithy thruster set B tor set AL respa,

Torque Generation
The reiation between the torque vector 1 and the
thruster activation vector 3 is requested to be

diag (Lt ym = T g

where m 1s the modulator output vector wath its
clements consisting of =10, - 1. 1. there are 27
values of m.

Using the singuiar value decomposition of the tor-

que malrix

it tollows

a = T diag (L t.tym ~ ULc

with the pseudoinverse T.. The constant ¢ will be
chosen such that all elements of a are 2 0.

The solution of this cquation for all 27 combipa-
tions of the modulator output signal results in the
values of 0.0.5.1 for the clements of a. The value 0.5
will be realized “on the average' bv operating the
corresponding thruster over half the modulator
output time increment.

01 course, the above equation will not be solved on
board. but the solutions. i.e. the correspondances
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between the modulator output m and the thruster
activation a are stored in the on board computer
memory according to table 4.2-2.

Force Generation

According to figures 4.1-1. ihere are two different
S/C orientations in orbit. For both cases. table 4.2-
3 summarizes the nominal and redundant thruster
sets, which are used for orbit corrections 11 normal
and tangential direction.

422 Momentum and -reaction wheels

The preferred wheel arrangement as shown 1in g,
.2-2 consists of

+ Two tlywheels in a V-configuration in a plune

rotated about the v-axis by an angle n

» Two reaction wheels along the x- and 2-axes

{o the nomimal configuration oniv one wwhect

jeither FMW 1 or FMW 2) and both reaction

wheels are in operation. sl running at bias speeds

such that a residual bias angular momentum vector

is nomunally perpendicular to the orbit plane.

In case of a tailure ot one reaction wheei the resi-

dual reaction wheel and both flywheels will be

used.

If on the other hand the "nominal” flywheel faiis.

the cold redundant fixed momeatum wheet 15 acu-

vated.

43  AOCS H/W and §/W Impiementation

Presently, based on a cooperation agreement bet-
ween DASA. Aerospatiale. and Alenia Spazio joint
cfforts are being undertaken to develop and qualifv
an ‘Integrated Control and Data Management
System” (ICDS) for next generation communcaton
and application satellites, within the so-called ‘Spa-
cebus Improvement Program” (SIP). This program
also mcorporates development and quakhification of
advanced components like the precision sun sensor
(table 3.2-1), second generation liquid bipropeilant
thrusters (table 3.2-3) and in particular also a po-
werful Onboard Computer Unit (OBCU) and the
assoclated operational and application S/W. The
ICDS in question (see ref. 10) is to the largest
cxtent directly suited or easily adaptable for the
case under discussion here. The main difference 1o
the concept favoured for communication $/C ap-
plications consists in that for TACSAT missions a
"two computer solution” instcad of a one central
compute approach is regarded absolutely necessarv
in view of the flexibility- and computational requi-

remments of the different payloads. The amount of
payvload data to be transmitted to ground within
short ground contact intervals will furthermore
necessitate direct priority link to the telemetry
svstem. Subsequently onlv the AQCS part of the
1CDS concept, which then can be regarded largeiy
independent from the pavicad data management
system will be shortly outlined.

Hardware

Fig. 4.3-1 shows the ICDS hardware configuration
{without redundancies) i.e. not oalv the AOCS-, but
also the DMC hardware units are represented.
The tunctional sharing of these units and comments
on the notauons within tigure 4.3-1 are listed o
table 4.3-1.

The senel OBDH Data Bus 1s the ink wathin a
moedular expandable AQCS.

As nar as newiv deveioped vawpment aad signal
conditionmy clectronies are concerned (e.g. sun
sensor clectrones, UPSE), the intertaces are de-
siwned such as to directiv match the data bus I'F
requirements. The signai conditivmne for ciassical,
off-the-sinelf cquipment (carth seosors, gyros.
wheels, star sensors) to the OBDH data bus tformat
is performed in the Platform Interface Unit
(PFIU.

The central component of the ICDS bardware 1s
the On Board Computer Unit (OBCU). It has
functional interfaccs with the ground scgment and
all on-board $/C subsystems for the distribution of
commands and the acquisition of data. Figure 4.3-2
shows the blockdiagram of the OBCU. The
functional units are:

Processor Module (PAD

« 16 bit processor. MIL-STD 1750 A instruc-
tion set architecture

» processing power at least 1000 kips tor DAIS
MIX (Digital Acronautcs Instr. Set
20MH )

« RAM 128 kwords ot 16 bits

+ ROM 96 kwords of 16 bits

- Telecommand Decoder Module (TC)
- Telemetry Module (TM)
- Reconfiguration Module (RM)

+ supports autonomous satellite failure detec-
uon. isolation and recovery (FDIR)

» funcrional elements: Alarm Level Manage-
meant, OBCU Reconfiguration Commands.
OBDH-bus Recontiguration Commands.
Thruster On-Time Control

- Safeguard Memory (SGM)




< contains the H/W systcm configuration data
and dynamic /W parameters
- Precision Clock Module (PCLK)
- Power Converter Modules {PCV)
» provides necessary voltages for the OBCU
modules
» provides central on board refereace time
counter

Software
The complete AOCS and related DMC-software
(/W) wall be executed in the redundant ICDS-on
board computer and runs fully automatic and
autonomously under normal circumstances.
Before the mission, the S/W will be (pre-) stored
in the PROM and copied into the RAM uafter its
first activation in the orbit. This allows modihica-
tons - as far as the application 8, W is concerned -
at anv time via telecommands { 'memory foad . L
15 also possible to adapt important svstem tabics
and the /W configuration from ground.
Telemetry and telecommand S/'W parts are impie-
mented according o the ESA standard packet
TM/TC".
A ceatral role within the on board S/ plavs the
MOSES 1I operating system. aa updated version ot
the MOSES operating system used in the shuule
pallet satellite (SPAS)-program. It is espeaaily
designed for the
- management of parallel processes and asvchro-
nous ¢vents under real-time conditions
but can also meet the requirements of
- strictly synchronous operation modes. c.g. sen-
sor data acquisition, activadon of the UPS.
The maintainability and adaption capabilitv of the
S/W-system necessitale a transparent modular
functional structure, hierarchicallv organized and
properly defined interfaces not only within the
operation system. but also to the application 5, W
modules.
The application S, W-parts (jobs) are divided into
one or scveral tasks. Additonally, there are spe-
cific error tasks, which can be attached 1o u
job/task. They wil be activated automaticaily by
the operating system in case of a failure (excepton
handiing).

4.4 Attitude- and Orbit Control Loops
4.4.1 Acquisition control

Because of the short visibility periods of low carth
orbiting $/C from individual ground stations onbo-
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ard autonomy of fundamental operational functions
15 extremely important. Automatic acquisition,
reacquisition and safety procedures ensuring imtial
orientation and S/C survival (power & thermal
conditioning) in case of attitude loss are such fun-
damental functions. Classical. weil proven concepts
consisting in a reorientation of a preferred S/C axis
(and the acuve surfaces of the solar arravs) to the
sun are also applicable bere and will therefore not
be discussed in detail {sce e.g. refs. 4 to 10).

4.42 On-ordit control loops

In classical satellite attitude and orbit control con-
cepts clear distinction is made between attitude
control during orbit correcuion mancuvers and in
normal mode «NM), these modes of operation
¢emploving cssenually Jdifferent control principles
ro.ereaction et control and NM wheel control).
For the ICDS concept under discussion here o
common contrel approacn is regarded superior.
The most obvious advantages are:

Inherent buck-up capabiliues using different

types ol actuators if required.

Modular 3-axis attitude measurement estimation

and retference generation prinaiple throughout.
- Smooth transitions between different operational

conditions due to contiruous stale propagation

of estimation and control vanables.

Activation of combined actuators e.g. for feed-

torward compensation in case of heavy predicta-

ble (payload) disturbances
A schematic blockdiagram of the on-station attitude
control mode is shown in fig. 4+.4-1.
The raw sensor data from sun sensors and carth
semsors (in case of low accuracy performance mis-
1008} 0T Star sensors and rate mtegratme gyros for
high performance missions are processed to genera-
te attitude information (>, 8%, ). Based on
svstem models orbit parameter updates from
ground and additional measurcments (wheel
speed), optimal cstimates of svstem state variables
H, (prop. ¥). H, (prop. $), 8. w,, w.. {w, prop.
w,), H,, H, and 8 are generated. In application
cases. where attitude reference is generated from
carth and sun sensors oalv, during eclipse regions
vaw attitude 1s propagated by means of the obser-
ver equations of the angular momentum in orbit
coordinates suppressing the autation by adequate
filtering.
Under normal mode conditions attitude stabiliza-
tion 1s performed by controlling the fly-wheel and
reaction wheels in torque mode. In order to com-
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pensate for the impact of limited resolution in the
torque commands as well as unknown internal
wheel friction torque, contribution of cross-asis
angular momentum components and external di-
sturbance torques under eclipse conditions, a mo-
del following loop is incorporated to match the
wheel control torques to the corrrect values. This
technique as used for closed loop AOCS dynamic
bench testing with real hardware at DASA is well
proven. In view of the fact that in the wheel con-
trol concept in question here the wheel speed
variation exceeds the usual range considerably, a
noniinear friction torque compensation loop is
additionally superimposed. In order to improve the
pointing accuracy and stability to the level requi-
red, disturbance torque estimation and compensa-
tion is applied. These cstimates furthermore vasu-
re. that the necessary vaw attitude prediction accu-
racy during eclipse passage 1s achieved.
Stellar-inertial attitude reference generation when
using rate integrating gYroscopse in strap-down
mode and updates from gyro drift computed by
onboard Kalman filter using observed star transit
times has to rely on up-to-date satellitc ephemeris
and reference star catalog data stored in the onbo-
ard computer. These data have to be periodicaily
uplinked together with corrections of the onboard
time reference. A typical example of a star idenufi-
cation pattern over a period of 12 min. as for in-
stance encountered during ROSAT mission in scan
mode is shown in fig. 4.4-2. In case of large pavio-
ad-induced disturbance torques feed-forward con-
trol has to be applied to e¢nsure the necessarv
poiating stability for high performance missions.

4.5  Preliminary AOCS Mass and Power Budget

For the AOCS concept and implementation appro-
ach outlined above preliminarv mass and power
budgets for the individual H/W-items have been
summarized in table 4.5-1. Assuming that for a
particular mission not all but only the necessary
equipment wil simultaneously be integrated into
the §/C (at principly the locations indicated in fig.
4.1-2) the total AQCS budgets for respective ap-
plication cases can be composed.

For typical mass of a propulsion system depending
on the total impulse to be provided reference is
made to figure 3.2-2. The bura-out mass including
12 four Newton bipropellant thrusters, tank, piping,
residual Helium in a blow-down system amounts to
approximately 18.5 kg.

5. CONCLUSION

Ou the basis of more than 20 years of expertence in
AOQOCS design and development for communication-
and application S/C in the paper under discussion
here the attempt has been made to identify the
configuration, the equipment and technology of an
AOCS, which can provide the necessary flexibility
for .erving the large variety of TACSAT mission
objectives and the associated performance require-
ments.
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Fig. 4.1-1 ab:  S/C orientation L2 in orbit
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Pointing accuracy

Required Rate Accuracy

Mission Operational Mode |deg] [deg/sec)
half cone Yaw X-axis y-23s z-axis
Roil/Pitch
Operational Phase 003 0.10 - - -
Communication
Orbit Correction 0.13 0.35 - - --
Scan Phase 0.03 0.10 0.002 0.002 0.002
Weather
Normal and SK-Mode | 0.20 0.30 - - -
Normal Mode 0.03 0.0s 0.002 0.002 0.002
Environmental
Mouitoring Re-Positioning 0.05 0.15 - - -
Normal Mode 0.007 n.02 0.0005 | 0.0005 | 0.0005
High Resolution
Re-Positioning 0.05 0.15 - -
Table 2.3-1: Typical AOCS pertormance requircments
Geostationary Communication Satellites Devel. AOCS | Lauach Dates
FM Qual.
SMYPHONIE 2 flight models 1968 - 1970 A 19.12.84,
B: 27.08.75
INTELSAT V 15 flight models 1976 - 1987 FM1: 7.1290
13 Satellites in operatios, FM2: 240581
FM 9 & FM 14 lost due to launcher failure FM3 : 15.1291
FM15: 27.01.89
TV-SAT 1,2 2 flight models 1980 - 1987
FM 1: one SG failed to deploy, deorbited FM1:21.11.87
FM2 : 08.08.90
TDF 1,2 2 flight models 1980 - 1987
FM1: 28.10.88
FM2: 17.07.90
TELE-X 1 flight model 1987
FM1 : 29.03.89
DFS-KOPERNIKUS  protoflight model 1983 - 1989
FM2, FM3 PFM : 05.06.89
FM2: 170790
FM3: 12.1092
EUTELSAT 2 PFM = FM1 1986 -
FM2, FM3, FM4, FMS5. FM1 : 31.0890
FM2: 160191
FM3 : Dec91
FM4 : 10.07.92

Table 3.1-1: Review of geostationary communication satellite examples




Control Accuracy

Control Concepts

Half Cone Yaw [deg|
[deg]
INTELSAT V | 0.12 'y 952 - Wheel control in Pitch NM
- Whecon control in Roll/Yaw (fixed bias momentum wheel)
- Spw-stabilized apogee boost maneuver
TV-SAT. 0.22 1.2 - Wheel coatrol in Pitch (NM)
TDF - Coarse body control in Roll/Yaw (Whecon with fixed bias
L momentum wheel)
TELE-X T Beam Pointing Rx |- Fine antenna pointing system using RF-sensors
X <-- Antenna -- > - Three axis stabilized apogee boost maneuver with partially
0.035 0.07 deploved solar generators
DFS 0.07 0.3 - Wheel controt in pitch
- Whecon body control in Roll’Yaw (fixed bias momentum wheel)
- three-axis stabilized apogee boost maneuver with fully deploved
solar generators
EUTELSAT I | 0.05 0.15 - Wheel control in pitck NM
- Fine bodv control systern NAMC (Opumum Nutation & angular
momentum control) for normal mode Roll'Yaw
- Three-aas stabilized apogee boost maneuver with partatly de-
ploved solar generators

Table 3.1-2: Communication satellite AOCS features & performance (DASA-AQCS)

Low earth orbit Observation/Scientific Satellites | AOCS Development & | Lauach dates
Qualification

MOS-1 (Marine 1 engineering model 1983

Observation Sat.) 1 flight model FM1: 1987
FM2: 1990

ROSAT (Rontgen- 1 engineering madel 1984 - 1986 01.6.90

Satellite) 1 flight model 1988

EURECA (European 1 flight modet 1988 - 1990 31.7.92

Retrievable Carrier)

ASTRO-SPAS (Shuttle | 1 flight model 1988 - 1992 June 93, early 94

Pallet Satellite)

Table 3.1-3: Review of low earth orbit satellites (DASA-AQCS)
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Control Accuracy

Normal Mode Control Concepts

MOS-1 (Marine
Observation Satellite)

Pointing Direction: 0.1°
Stabiliry: 0.001%5ec

Two bias momentum wheels in V-
arrangement with magnetic unloa-

ding of accumulated angular mo-

mentum

ROSAT

(Rontgen-Sateilite)

Pointing mode: ¥
Meas.Accuracy: 10
Scan Mode: &

Reaction wheel control with ma-
gnetic unloading of accumulated
anguiar momentium

ASTRQO-SPAS
(Shuttle Pallet Satellite)

Pointing mode: >°
Scan Mode: 30"

Rigid bodyv control with cold gas
Use of GPS for Earth ref. frame

determination

EURECA

0.9° =ach axis for
normal mode

Cold gas control supported by
magneti¢ control with disturbance
rorque compensauocn

Table 3.1-4: Earth/scientific satelliic AQCS features and performance tDASA-AOCS)

Sensor type apphcation- Tvpical accuracy Weight {ke]  Power {W! | Maowacturer |
measurement (1o} - ‘ }
ranee ! ;

Gyro floated rate = Isec ( resolunon: 112 1-13 = 23 t 43 FERRANTI y

integratiog (1 ! andom drift: |

axis) 0.005° b i
IR-Earth Sensor | comical scan (2 | 100 km to eeo- LEO: G.1° T s ITHACO

axes) svachr. altitude GEQ: 0.0§° i

4m Sterad. 2 2 within [ w0256 f201 -2 | TPD
Sun-Sensor (S8} (2 axest =20° of LOS =118 : GALILEO

Fine digital = 68 0015° 9 ' 86 DASA i

(2 axes} ] |

Star-Sensor CCD simultan. | 6* ¢ 5° 1" poisting (7+51=12 116 DASA ?

(STS) 3 star meas. (magnitude V= 7} | 5" scan rate wo. batfle i

< S'lsec !

Magnetometer flux gate sphercal (altitu- 0.1 deg **) 05+13 =2 |97 ‘ ITHACO

(3 axes) de: < 1000 km) {carth dipole dir} ! FOERSTER
*) including Electronics
") ideal orbit and time reference

Table 3.2-1: Typical characteristics of attitude measurement cquipment
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Thrust Level | Specific Impulse | Min.Imp.Bit Mass | Valve/Heater
[N] [sec] [mNs] fkeg] Power [W]

0.75-02 227 - 216 15- 5 0.19 528
2-06 227 - 216 36- 15 0.20 S/
6-185 227 -216 96 - 38 0.22 51337
10-3 230 - 220 196 - 70 0.24 524
24-72 234 - 222 370 - 165 0.36 1373

350 - 110 234 - 218 1100 - 350 1.80 30/--

Table 3.2-2: Characteristic parameters of (DASA) catalvtic monopropellant hydrazine thrusters

Thrust Levei | Specific Impulse | Min.Imp.Bit Mass Qualification
N] (sec] [mNs] {ke] Date
4 Fig. 5.2-2 13 < 025 92
10 Fig. 3.2-2 31 0.25 92
410 318 = 25 --- 2.7 93/94

Table 3.2-3: Characteristic parameters of DASA 2™ gencration liquid hipropcllact thius.zrs

DIPOLE MOMENT SIZE WEIGHT POWER *
[Am'] [em] (ke] [¥]
Linearity l Inciudes mounting Lineority

1% 0% lenath diameter biocks t 1% | %
10 15 0 1 18 0.4 1 0.6 |0
15 20 45 | j.8 0.5¢ 0.6 | 1.5
2 k(] 49 | 1.9 0.6t 0.7 1.7
30 50 56 | 2.1 0.9+ 0.7 1.8
60 85 44 | 2.6 17t 0.8 2.0
100 150 72 3.6 2.8 1.1 2.7
150 250 84 3.8 3.2 1.3 3.5
250 350 104 4.3 6.2 1.8 4.4
350 500 15 4.7 8.3 2.1 5.0
500 700 130 5.0 (R 2.3 5.5

1,250 1,750 200 5.3 18.5 3.3 7.6

2.900 4,000 250 7.6 499 6.0 16.0

! Ampere meter: = 1000 p—cm

"When a singie winding 13 used, power doubles.

Table 3.2-4: Characteristic parameters of magnetic torquers (ITHACO)
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Whee! giameter cm 20 % 28 35 509

Anguiar momentum range Nms 18..6.85 5.0..20 14 .80 50..200

Mazx. reacson torque Nm 02 02 0.2 02

Speea *) mn’ 6000 6000 6000 8000

Loss torque at max. speea’”) Nm ! <0012 <0013 < 0.015 < 0.022

Power consumgption:

- sisady state (depenaing w 2.7 2.8 2..10 3.8

on speea)

- Max. power ratng w < 60 <80 < 100 <150

Dimensions:

- diameater A mm 23 260 350 SO0

- hegnt 8 mm 75 8s 120 150

Wesgnt kg o 27.34 35..50 5.0..8.0 7512
!

Environmental conaitions: i

- Operaung temoersiure !

- Vibravon (SINUSOKAl) | suitanie for sateilites COMpatbie with launcners

- wibravon (ranoom) ! sucn 3s ARIANE or Space Shutte

- linear accaterauon !

*} UNOE JEVeROMErs
) wh FOrSSS MoIS
" MaR 100ee of o ess of whess ange 2 '0%)

Table 3.2-5: Characteristic parameters of momentum and reaction wheels (TELDIX)

Thrusters | Thrust Orientation Location
Level

Set A 4 N tited in the $/C (xy)-plane on the corners of the cen
--> Zero z-component tral cube

Set B 4N tilted in the S/C (x.y)-plane on the corners of the cen-
--> Zero z-component tral cube

Set C 4N pointing in = x-direction on the edges of the S/C,
--> zero y- and z-component | parallel to the S/C y-axis

Table 4.2-1: Thrust levets, thruster locations and orientations
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thruster activation thruster
no. 1 -4
torque re- 1" half modu- | 2™ half mo-
quirement lator ume 1n- dulator tume
crement tncrement

-1, -1, -1 | (0.LLD) (0,1,1,1)
-1, -1, 0% ?0,0.0,1% (0,1.1,1)
-1, -1, 1 0.,0,0 1 (0.0.0.1)
-1, 0, ~1§ (0.0,1.0) (0.1,1,1)
-1, 0, 0 (0.0,1.1% g0,0,l.l)
-1, 0, 1) {0.0.0.1 1.0.1.1)
%-1, 1, -1 (0,0.1,0) 0.0.1.0)
-, 1, 0) (0.0.1.0) 1,0.1.1)
(-1, 1. 1) (1.0.1.1) 10.1.1)
} 0, -1, -1 (0,1.0.0) (0.1,1.1H
0, -1, 0 (0,1.0.1) (0.1,0,1)
(0. -1. 1) ({,0.0.1) 11.1.0.1)
(0, 0. -1 (0.1.1,0% {0,1,1.0)
(0. 0, N (0.0.0.0) {0,000
((), ., 1) (1.0.0.1) {1.0.0.1)
(0. 1-1) | (00.10) {1,1,1.0)
(0.1, 0) | (10.L0) (1.0.1.0)
(O, 1 1) {1.0.0.0) (1,0.1.1)
§ 1, -1.-D) (0,1,0,0) (0,1,00)
1, -1, 0) {0,1.0.0 (}1.1.0.1)
(L-1. 1 {1.1.0,1) (1.1.0.1)
L0~ | (0.1.00) (L1,1.0)
1, 0, 0 (1,1.0.0) {1,1.0,0)
1. 0. 1) (1.0.0.0 (1.1.0.1)
}' 1, 1, -1 (1,1.1.0 1,1,1.0)
1, 1, 0{ (1.0,0.0) 21.1,1,0\
(1. 1.1 (1.0.0.0) (1.0.0.0)

Table 4.2-2: Correspondance between torque requirements and thruster actvation

S/C 1 orbit orientation 1 S/C i orbit caentation J
Orhit normal ! Orbit tangential Orbu Normal Orbit tangential
Non:xmal SetAorSetB | Set C Set C Set A Set B
Bockup Set Set A/B Set B/A Set A/B or Set 1 remanung 2 remaining
B/A or det € thrusters cof set A | thrusters ot set B

residual pitch disturbance torque compensated by set C

Table 4.2-3: Thruster activauon for orbit corrections
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OB- Kerne! of the ICDS Ground Station L'F UPSE | Thruster Valve
cu {Oo Board Compu- High priority telecommand deco- Drivers
ter Unit) ding p-Processor + memory
Reconfiguration and safeguard
memory

Data Data Transmission OBDH protocol for ML16/DS16 | PSSE Precision Sun

Bus Link exchange Sensor Electro-
On/Off command execution nics
Analogic
Thermistor
PFIU | Platform Interface Interface adaptation to AOCS HLC1 | High Level
Unit SEnsors Priornity
On/Off distribution for PF units TC-commands
Acquisition of PF units tempera-
tures
PFDU | Platform Distribution | Power distnbution and protec- HLCZ | High Level
Unit tion of PF Unit Priority
Pyro of the whoie 5.C Recontigura-
I/F with PCU (Power Cunditio- tion Com-
ning Unit) mands

Batterv protection HW
PF heater {relays)

PLDU 1} Payload Distribution | Power distribution and protec- SADA { Solar Array
Unit tion of P/L unit Drive Assem-
P/L unit temperature acquisition bly

P/L heater relay
Ow/Off distribution to P/L unit
TM/TC of pavioad

Table 4.3-1: Functional sharing and sotation of ICDS H/W units

Equipment Mass Power Supplier Remarks ,
1 OBCU 12 kg BW DASA internally redundant
1 PFTU 6 kg TW SEXTANT wnternally redundant
1 UPSE 6 kg 6W AL mternallv redundant
1 PSSA 9 kg 9w MBB internally redundant
1 PFDU 13 kg PR SEXTANT internally redundant

1 IRS 27 kg 8w GALILEO
1 RIGA 10 kg 18 W FERRANTI 4 gyros. one scewed
2 FMW 18.4 kg 9w TELDIX redundant set
2RW 10 - 13 kg 8w TELDIX redundant set
1 STS 12 kg 16 W DASA
Torque-rods 144 kg 2 W FOKKER 3 cotls, int. redundant,
350 Am®

Table 4.5-1: Preliminary AOCS cquipment mass and power budgets
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Electric Propulsion for Lightsats:
A Review of Applications and Advantages

G. Perrotta
Alenia Spazio S.p.A.

Via Saccomuro 24,

G. Cirri,

v2131 Rome, Italy

G. Matticari

Proel Industrie

V.le Machiavelli 29,

SUMMARY

reviews the advantages and
limitations of electric propulsion for
lightsats characterized by a launch mass
in the 300 to 800 Kg range. The considered
systems include ion propulsion, arcjets,
and stationary plasma turusters for
different applications such as drag
compensation, orbit raising, {ine trimming
of orbital parameters, and various orbit
transfers.

The paper

Electric propulsion provides substantial
mass savings and turns out to be an
enabling technology for certain lightsat
missions. The constraints resulting from
DC power limitations onbuard small
satellites are discussed, along with the
implications on candidate technologies and
system solutions. A review of near term
prospectives of low power ion thrusters,
for lightsats applications, c<oncludes the
paper.

1.

INTRODUCTION

Recent
have
commercial
satellites
function,

advances in electric propulsion
finally led to consider its use for

gecstationary communication

stationkeeping. For such
ion thrusters, stationary plasma
thrusters (SPT) and arcjets are currently
being planned on board several new
satellites. The main attraction of
electric thrusters liles in their high
exhaust velocity which is several times
that of conventional chemical thrusters.
The major benefit is represented by the
propellant mass reduction for orbit
control tasks.

Electric propulsion is also being
considered for other near Earth propulsion
applications, see e.g. [1], in particular
for orbit transfer and manoeuvering of
large spacecraft; and for scientific and
interplanetary missions.

For what concerns the electric
applications to lightsats, some initial
work results from the open literature, see
e.qg. {2}, but no specific plans are known
to the authors about actually implementing
electric propulsion onboard lightsats.
This is quite surprising because, in view
of the specific constraints of small
satellites, clectric propulsion may be
considered an ‘enabling’ technology
without which a number of applications
would be almost unfeasible.

propulsion

50125 Firenze, Italy

The paper reviews the key features of
electric propulsion in the specific
context of DC-power limited lightsats
characterized by a launch mass range in
the 300 to 800 Kq, which is most
appropriate for a number of ‘professional’
applications, including civil and defense

ones.

2. ELECTRIC PROPULSION FOR_LIGHTSATS:
MOTIVATIONS AND COUSTRAINTS

consider electric
reduce the total
csubsystem mass for propulsion-related
tasks, thus maximizing the payload to
launch mass ratio while staying within the
launch mass bounds stated above. However,
electric propulsion can be a viable
approach only if the power reguirements
are also conmpatible with the DC power
limitations, considering that the lightsat
power plant is normally designed to
support the payload operation in normal
mode. We will limit our considerations to
three E.P. technologies: ion propulsion,
Stationary Plasma Thrusters, and arcjets.

The main zo

propulsion

reason
is to

In the for

low-power range of interest
lightsats, typical performance are given
in Table 2.~-1 which envelopes the
characteristics of a number c¢f existing
devices. Two main Electric Propulsion

applications are considered:

which includes

trimming of orbit

for lightsats in
station-keeping. These
propulsion tasks are normally concurrent
with payload operation. Therefore E.P.
applications are mainly power limited,
besides being also mass limited in order
to result competitive with chemical
propulsion. To exemplify, we will assume
to allocate 30 Kg and 30C W to such E.P.
functions;

- orbit keeping, drag
compensation, fine
parameters and,

synchronous orbit,

- orbit manoeuvering, which includes orbit

raising, circular to «lliptical orbit
transfer, and srbits c¢ircularization.
These propulsion  tasks are performed

outside payload operation. Theretore the
full 1lightsat DC power, noruwally used to
supply the payload in normal mode, can be
made available for Electric Propulsion.
Typically, one may allocate 60 Kg and up
tc 1200 W of DC power to E.P, functions.
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E.P. Isp Spec.pwr Spec.nass Thrust
Technol. (sec.) (W/mN) {Kg/mN) {mN)
Ion 2600-3400 25-30 2-3 2-60
SPT 1400~1800 19-20 1.2 ?-80
Arcjet 500-~600 8-9 0.15 150~250
Table 2.-1 Typical characteristics
of three E.P.technolcgies
in the low-power range
Considering typical values from Table
2.-1, it <can be seen that , for orbit-
keeping tasks, arcjets are severely power
limited and are further penalized by the

poor Isp value. SPTs are good contenders
to ion thrusters, in that they can provide
higher thrusts for the same DC power at a
lower mass, but the lower Isp value can be
critical for long-duration missions. For
orbit manoceuvering the available DC power
is just at the limit where arcjets become
interesting; but SPTs also appear to be
good candidates, in view of the better Isp
they can offer. Other considerations, such
as the time to transfer, must then tbe
taken into account, in the system trade-
offs, to choose the right technoiogy.

3. _TYPICAL E.P. APPLICATIONS TC LIGHTSATS

3.1, Drag
satellites

Cost-effective observation missions can be
conceived with individual satellites,
launched on-demand, or based on small
satellites constellations carrying SAR (3]
or optical sensors. In both cases the
mission requires very low orbit altitudes,
say in the 280 to 600 KXm range, to
enhance the optical ground resolution or,
in the SAR case, to reduce the transmitted
power compatibly with the limited
resources available on a small satellite.

altitudes the residual
athmospheric drag becomes th: limiting
factor for the nmnission duration. Even
assuming a slender platform design and an
orientation of the appendages (i.e. solar
arrays, antennas) such as to exhibit a
minimum cross section in the direction of
the flight path, the delta-velocity
required to counteract the residual drag
becomes .apidly unmanageabie with chemical

At these

propulsion for mission durations greater
than a few months: see Table 3,1~1. which
is relevant to two typical lightsat
configurations. The determining factor
becomes the propellant mass, given the
launch mass limits,

The high specific impulse of ion

propulsion allows reducing, by a factor of
about 10 w.r.t. chemical propulsion, the
propellant mass required to impart a given
total velority increment. As a
consequence, nission lifetimes of 5 years
can be achieved, which is instrumental to
implement small satellite «constellations
for ‘permanent’ okservation missions. 1In
comparison, the other E.P. technologies do
not perform well 1n this application
characterized by very high required
velocity increments.

compensation for Observation

with ion propulsion the applied thrust
levels are close to the drag force
averaged during one crbit period, i.e.
from 3 to 1% mn for a typical small  SAR
satellite intended o tly  at crbit
altitudes as low as 399 Km. Thrusts of

achieved by
ion thrusters
throttling or

this order can be rodularly
putting low power (« 10 m¥}
in parallel and implerenti

on-off modulation accerding Lo the
required duty.
Orbit DTrag t.ce nelta-v Celta~y
height avgd. over t 2o, 5 years
(Km) 1 orbit(mN) im/S) {m/s)
a) b) a) i) a) b}
275 30 15 1155 38% 11590 2852
300 2 10.% 513 272 3150 2721
350 14.2 7.1 551 134 5508 1840
400 1.7 5,9 457 is2 3752 1522
450 8.9 i.4 Tah 11 31452 3182
500 7 1.5 T 2700 902
Assumpricns:
* case al: 5/C cressecticn & 52,
drymass 500 Kg;
* case b): $/C crossectien 2 ntZ2,

drymass 600 Kg:
*+ worst year sun activity:

Drag fcrces vs. altitude and
required delta-vejocities for
their ccmpensation

Table 3.1-1

Table 3.1-2 gives propelliant mass and DC
power requirements of lon propulsion vs.
orbit aititude fecr a prospective small SAR
satellite. For the «c¢onsidered thrust
levels, the DC power requirements are
compatible with spacecraft allocations. In
canclusion, ion propulsion has to be
considered an enabling technology to
implement long duratien observation
missions in very low Farth orbits.

Hevertheless the cperating time, of the
order of 40000 hours, is of concern and
should be properly addressed by further
developments. Efforts to further improve
the efficiency of low power thrusters are
also strongly reccomended.

Orbit Propell. Thrusters N'/ Avge DC

height mass avge orb.duty power
(Km)  (Kg) (1} (W), (2)
275 90 2+8mN/0. 94 450
300 62 2*BnN/0.66 320
350 41 SmN/0.83 240
400 34 gaN/C. 74 200
$50 25 gmN/0.5% 150
500 20 BmN/0.43 120

Note 1): based on 2800 s. Isp

Note 2)}: based on 10 W/mN

Table 3.1-2 Drag compensation ion

propulsion reguirements for
system b) ot Table 3.1-1




3.2 Fine trimming of
orbital parameters

An increasing number of small satellites
constellations is being proposed {4] tor
advanced communication and remote sensing
applications: most constellations have
multiple satellites in one or nultiple
orbital planes; low altitude orbits,
typically 400 to 1500 Km, are normally
envisaged, with a few cases considering
altitudes as high as 10000 Km.

Managing these complex systems will
require copying with the launch systems
orbit injection dispersions, as well as
maintaining the satellites relative
phasing during the orbital lifetime
against external disturbances. The
guantization of these effects, in terms of
propellant mass, depends strongly from the
launch vehicle characteristics, orbit type
and mission duration, and will not be
attempted here. The push towards launch
cost reduction might probably imply, in
the near future, the use of less accurate
L.V. and greater injection dispersions.
There is also a clear trend to require
longer orbital iifetimes.

Both factors will tend to increase the
propellant mass allocated for orbit
controli: this will impact negatively the
system economics, also in view of the
nultiplying effect due to the large number
of satellites in these constellations.
Electric propulsion may be considered in
alternative to chemical propulsion for the
potential mass saving it can provide,
specially in presence of high orbit
injection dispersions and long orbital
lifetimes. Constellation phasing is not a
time~limited propulsion task, which will
enable using 1low thrust, high specific
impulse, E.P. systems. Suitable strategies
for constellation phasing maintenance can
be conceived, possibly aided by autonomous
navigation systems, to fully exploit the
E.P. characteristics.

3.3 Stationkeeping of small geasynchronous

constellations

Table 3.3-1
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Table 3.3.-1 gives the essentials of an
initial concept for a high performance
small geostationary satellite. Basic

features are the low power/!ow thrust ion-
thrusters, the resulting overall low E.P.

system mass, the high achievable payload

to satellite launch mnmass ratio, the

absence of any kind o34 ,chemical

propulsion.

* Satellite launch mass (Kg): 600

* Payload mass (Kg) H 24

* Payload/launch mass ratio » 0.4

* Orbital lifetime, years : 15

* Rgrd. total vejocity

increment (m/s) N-S/S.K.: 700

E-W/S.K.: 70

* Ton thrusters number 10 to 12

* Thrust levels(mN} HN-S/S.K.: 8mN {2*4mN)
E~-W/S.K.: amN (2*2nmN)

* Total prop.mass (Kg) : < 18

* Avge dayly thrusting time
N~-S/S.K.: 2.66 hours
E-W/S.K.: 32 min.

* E.P. system mass (Fg) v« 30 (est.}

* E.P. peak DC pcwer (W) : 240

* Dayly energy needs!Kwh) : < 0.7

* Feasible control toraues

in pitch,roll,yaw = @*10-3 nm

Main teatures or a small
geostationary sateilite using
small icn thrusters

satellites

Small satellites in geostationary orbit
can perform usefull communication,
meteorological and observation missions.

Clusters of two to four spacecraft can
form a distributed satellite system having

enhanced performance W.r.t. a single
satellite of an identical total mass.
Assuming the availability of a launch

vehicle capable of directly injecting the
satellites in synchronous orbit (such as,
e.g. the Russian Proton rocket) small
spacecraft relying exclusively on E.P. can
be conceived.

The absence of a bulky apogee motor
greatly expands the spacecraft design
freedom, including the positioning and

orieptation, or canting angle, of the E.P.
thrusters. Spacecraft incorporating
several small thrusters may implement both
orbit control and external torques
compensation for attitude control.

3.4  Circular orbit raising

Several small launch systems are beconming
avallable, capable of direct injection in
L.E.C. of spacecraft with launch masses in

the 250 Kg to one tcn  range The L.V,
payload carrying capability decreases
rapidly, however, with circular orbit
altitude injection: theretfore it may , be
preferable to inject in a relatively low

orbit a more rassive payload, comprising a
satellite and a bcost motor, using the
latter for orbit raising. Typical cases
may be represented by a coplanar orbit
raising from a 400 Km initial orbit to a
final c¢ircular orbit of 800 to 2000 Km:
the resulting velocity increments are
given in Table 3.4-1.

Chemical boost motors are normalily
envisaged for cost and technology maturity
reasons, but their mass constitutes a
significant fraction of the L.V. paylcad
and will reduce, in proportion, the
satellite mass and its cpaylead.

Electric propulsion can be considered in
alternative, also because during orbit
raising the payload is not operative: the

full satellite DC power 1is, thus, in
principle available for E.P., with the
constraints given by ecarth eclipses.

Continuous thrusting is therefore assumed
only during 50 % of the orbit pericd, with
the thrust vector tangent to the orbit
plane. Table 3.4~1 compares approximately
estimated values for propellant mass and
orbit tranfer times for the candidate E.P.
technologies w.r.t. a chemical one.
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Final orbit altitude (Km) (1)

800 1400 2000
* Delta-V. (m/s) 217 510 772
* Prop.mass
(Kg),(2):
~ chemical (4) 48 120 150
~ ion (5) 4.6 11 17
~ SPT (6) 8.2 19.5 29.6
~ Arciet (7) 26.5 64.6 100
* Trip time
(days) (3):
~ chemical <1 < 1 <1
- ion 76 178 270
~ SPT 51 120 180
- Arcjet 21 50 75

1) 400 Km initial circular orbit:
2) 600 Kg spacecraft
3) thrust levels: ion= 40 mN;
SPT= 60 mN:
arcjets= 150 mN;
4) Isp=280 s; 5) Isp=2800 s;
6} Isp= 1600 s; 7) Isp=500 s;

Table 3.4-1 Electric Propulsion systems
for Orbit Raising

Table 3.4-1 shows that low power arcjets
are good candidates for high altitude
differentials, providing good mass savings
with reasonable transfer times. Cn the
contrary, ion thrusters and SPTs are
marginal and can be only considered tor
small altitude increments, otherwise too
long tranfer times will result. In
conclusion, low thrust electric propulsion
can bhe considered for «circular orbit
raising of small satellites when a short
transfer time is not mandatory.

When orbit raising must be implemented in
a very short tine, as for example with
satellites launched on-demand, then
chemical propulsion is still the preferred
approach.

3.5 Circular to elliptical orbit transfers

First, very high delta-velocities are
required, see Fig. 3.5-1., Second,
commercial communication satellites
injected in elliptical orbits can be
planned and launched well in advance ot
the need date. Long trip times are, thus,
relatively unimporrant put mission
complexity, costs, reliability and
operational considerations may put an

upper bound to the maximum acceptable trip
time.

Electric Propulsion alternatives to
chemical are SPTs and arcjets, with the
same characteristics given 1n Table 3.4-1.
Simplified computations for transters of a
500 Kg spacecraft in transter orbit fron
an initial 400 Km circular crbit to three
destination elliptical orbits of 8, 12
and 24 hours periods were performed.

Near-ideal transfer was simulated by

firing thrusters for 1/4 of the orbit
period about the perigees until the final
apcgee was reached, then tiring the
thrusters for 1/4 of the c<rbkit period
until the final perigee was aiso reached.
Propelliant mass  required by SPTs  and
arcjets are reported n Table I.%i-1.
Destination Crbit (1)
aj o) <)
** Ideal Tranter:
- Delta-v.
(m/s): 2350 2550 31350

- T.0Q.mass/

propell.mass

(Kg) (2):

chemical 1157 712437743 1714/1214

arcjet B00/3C0  832/332 996/496

SPT 579/79 586/86 620/120
** Non-icdeal Transter, Arciet:
- T.0. massy

propell.mass

(Kg) (3): 858/355 8987398 1105/605
- Trip time

(days) 3163 324 530

Elliptical inclined orbits are being
considered with ‘ncreasing interest for
humerous applications, and there are plans
to realize small satellite constellations
exploiting the particular features of such

orbits. However, the injection capability
of small launchers in elliptical, high
energy, orbits is normally rather poor,
and one has , again, to rely on boost
motors to implement the final orbit
transfer, for which two important
considerations apply.
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Period: 8 hours;
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Period:12 hours:
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Period: 24 hours;
Note 1) Starting orbit: circular, 400 Km:
" 2) Satellite drymass: 500 Kg
" 3) Including Delta-Vv increment (15%)
for non ideal transfer

Table 3.5-1 E.P. alternatives to chemical
propulsion for circular to
elliptical orbits tranfers

For the arcjet case, a noen-i1deal transtfer
was also simulated, ind the propellant
mass recomputed taking 1nto account a 15 %
worsening in the delta-velocity required
due to the non-ideal tranter conditions.
AS can be seen the trip times are quite
high in all cases: a 30 % reduction can be
achieved increasing the arcjet thrust to
220 mN, which would nevertheless imply the
availability of 1.8 ¥w ©DC power. This
might necessitate an auxiliary array in
the E.P. boost section, impacting costs.




There are several additional positive and
negative factors, to be taken into
account, which may affect the trip time:;
but in conclusion the feasibility of using
low power arcjets in power limited
lightsats for low altitude circular to
elliptical orbits coplanar transfers has
to be considered still problematic.

3.6  Orbits circularization

This propulsion task refers to satellites,
injected in elliptical transfer orbit by a
L.V., whose final destination orbit |is
circular with a radius normally coincident
with the T.0. apogee. Typical cases are
geostationary orbits and medium altitude
circular orbits of about 10000 Km as

envisaged, for example, by TRW's Odyssey
and ESA’s MAGSS-14 constellation [57.
Electric propulsion is compared to
chemical in Table 3.6-1. for these two
typical missions. Arcjets are found to
perform acceptably well 1in this case,
since trip times around 200 days can be
achieved along with significant mass
savings w.r.t. a chemical propulsion
alternative. The better mass saving
achievable with SPTs is, instead, paid
with an excessive trip time duration.
** T.0O. characteristics:
- Perigee (Km) 6678 6778

~ Apogee (Km) 42164 16728
** Destination Orbit

characteristics:

- Radius (Km) 42164 16728

- Velocity increment,

ideal transf.(m/s): 1476 1174
** T _0O.mass/propell.mass
(Kg) (1)(2):

- chemical 844/344 760/260

- arcjet 700/200 655/155

- SPT 585/55 544/44
** Trip times (days):

- chemical <1 <1l

- arcjet 227 182

- SPT n.a. 453

Note 1): Satellite drymass 500 Kg:
" 2): Including a 1. increase in delta
velocity due co non-ideal tranfers

Table 3.6-1 E,P. alternatives for Orbit
Circularization

4. REVIEW OF SYSTEM NEEDS

From this overview two E.P. technologies

appear to have a future on power limited
lightsats:
- small ion thrusters for drag

compensation, limited orbit raising, orbit
circularization and fine trimming of
orbital parameters of small satellites.
The required thrust levels are in the 2 to
10 mN range. a modular approach cnabling
parallel operation of thrusters ir also
required. Full thrust control, over a 30%
to 120 % range of the design thrust level,
is an important design requirement. An
overall specific power of 40 W/mN maximum
(30 W/mN as a goal), and a specific system
mass of less than 1 Kg/mN maximum (0.7
Kg/mN as a go.l), including power supply

and logic should be set as near term
development objectives. Isp values better
than 3000 sec., and very long lifetimes,
of the order of 40000 hours, are also
primary requirements;

- low power arcjets in the 1 to 1.2 Kw
range, for orbit manoceuvering tasks. For
such devices efforts should be devoted to
possibly bring the Isp closer to 600 sec.
for thrusts in the 150 to 250 mN range,
with an overall specific power better than
8 WymN including power supply.

Oon the other hand stationary plasma
thrusters do not seem to have a clear role
for lightsats, at least in their present
power and thr . level range. Scaling down
SPTs to low chrust values (say below 10
mN} , while keeping unchanged their
excellent performance, in particular
efficiency and simplicity, is yet unproven
but might be worth being investigated.

5. NEAR TERM TECHNOLOGY FROSPECTIVES OF
LOW_POWER ION THRUSTERS

For the
devices
Resonance
evaluation,
ion thruster’s

considered thrust range, new
based on the Electron Cyclotron
(ECR} [2) are presently under

aiming to further improve the
perfarmance.

The ECR technigue allows cperating over a
wider thrust range by changing the mass
flow rate in the discharge chamber
enhancing the electrical efficiency and
gas consumption over a wider pressure
range than the conventional RF and Kaufman
technologies. ECR appears particularly
indicated for small size 1on thrusters,
for which it is also easier to achieve the
optimum static magnetic field necessary
for resonance.

The ECR technique consists in applying a
static magnetic field , orthogonal to the
direction of an oscillating RF field, so
that electrons are forced to rotate within

the thruster’s discharge chamber, arcund
the magnetic field lines at a cyclotron
frequency given py: Ffc= eB/2vm. The mean

energy per collision, transferred to an

electron, is:
We= (e*E?/4m) (l/(4m: (F-FC)+{(1/7%)), with:

B= magnetic field; e= electron charge;

m= electron mass; £= applied electric
field peak amplitude: 7= mean time between
two consecutive collisions, inversely
proporticnal to gas pressure; F= frequency
of the applied RF field.

At resonance F=Fc, and the guantity Wc
assumes its maximum value: Wc = (eEv)*/4m,
which depends only on collision interval
and electric field peak value. Clearly the
maximum benefits of the ECR effect is
achieved in the low pressure range, belng
the collision frequency proporticnal to
the operating gas pressure.

propulsion system in the
millinewton range a RF excitation in the
VHF range proves advantageous for the
following considerations:

For a ion
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- it is possible to use a low level static
magnetic field to reach the resonance
conditicn, e.g. 36 Gauss for resonance at
100 MHz. A lower thruster mass can be thus
achieved;

- since the wavelenght is much higher than
the chamber dimensions, problems arising
from energy propagation into plasma can be
avoided. In case of VHF excitation, plasma
generation 1is infact achieved through a

"near field" mechanism so that no cut-off
frequency exists;

- it is possible to use coupling
electrodes, for the VHF RF field, outside
the discharge chamber, due to the limited
power losses for irradiation and

absorption in the chamber walls, compared
to the usefull power transferred to the
plasma.

Considering a thrust level in the 2 to 10
mN range, and a cylindrical discharge
chamber of 3 to 5 c¢m radius, three

conditions are required to fully exploit

the ECR benefits:

1) F > 1/7, i.e about 2 MHz considering

a pressure of 10°"-4 Torr and an electron
energy of 13eV. This condition ensures
that electrons turns around the nagnetic
field many tinmes between consecutive
collisions;

2) R < 1 cm, where R is the gyration
radius of the electron in presence of a
magnetic field directed along the chamber
axis. This condition ensures that the

electron trajectories are contained in the
discharge chamber:

3) EM field wavelenght >> 3:5 c¢m. This
condition avoids propagation problems in
the plasma.

In summary, the ECR technique is expected
to provide substantial improvements in low
power ion thrusters pertormance, enhancing
the advantages of traditional RF techniges
in combination with others typical of the
Kaufman technolcgy. Tha2 maln teatures of

the ECR technique are sumnarized as
follows:

- ECR sources do not have components
subjected to wearout, as cathodes or
accelerating electrodes, in the plasma

chamber.

Problems of sputtering erosion inside the

chamber are thus eliminated, impacting
positively the thruster lifetime.
Moreover, it is possible to realize the
discharge vessel with materials having
high secondary electron emission
coefficients, scarcely sensitive to
erosion and capable of reducing electron

losses from towards the vessel

walls.

plasma

- The plasma produced by the ECR is highly
uniform, both in density and temperature.
Achievable electron densities are of the
order of 10712 electrons/cn”3 at pressures
in the range of 10*-4 : 10*~-5 Torr, thus
facilitating beam extraction optimization.

- The ECR technique i specially
advantageous for ion thrusters operating
at low thrust levels ( 2:10 mN) where it
reduces considerably the instability
phenomena inside the plasma. Low thrusts
are related to small chamber dimensions,
which simplifies the realization of a
uniform magnetic field in the discharge
vessel, and requires less DC power.
A swall chamber alsc requires small
electrodes for electromagnetic enerqgy
transfer, with lower losses due to EM
irradiation and vessel walls absorpticn.

Furthermore, for constant average bean
current densities, thruster throttling is
acconplished keeping the nass flow rate
to Dbeam area ratic constant. A reduced
flow rate is assoclated with a pressure
regime within the discharge chamber where
ECR proves more etficient and stable than
other traditicnal excitation techniques.

- The grid extraction system can re
designed and cptimized on the basis of the
enhanced plasma characteristics typilcal of
the ECR technique. In this direction PROEL

is investigating alse new technolcgies
{patent pending) for the rcalization ot
grids with 1 georetry naving a high
transparency tactor o] 1ons, while
maintaining good mechanical resistance and
the «capability to survive to sputtering
erosion.

The use of a high melting point refractory
materiail, scated with sultable
antisputtering protecticn layer, 1is the
solution to long litetime reguirements.

6. CCOHCLUSICQUS

Electric propulsion, and in particular
advanced ion propulsicn, is an enabling
technelegy tor the teasibility of very low

Earth orbit =issicns, power-limited
lightsats, where drag iz the dominant
etfect.

hrusters are a
r propulsien

Furthermore, low power ion ¢
good system alternativ :
tasks requiring the steady application of
low thrust levels over extended pericds cf
implerent a given

time to velocity
carrection. Nevertheless very long
lifetimes, of the order of 20000 to 40000
hours, must be reliably demonstrated.
Improvements 1in mass and power efficlency
of such low power thusters would also

benefit the lightsats design.

Low power arcjets, in the 1 Kw range, have
also promising applications for certain
orbit manceuvering tasks, and their

development should be further pursued.
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1. INTRODUCTION

In the three decades that have elapsed since the beginning
of the space age, satellites have increased in performance
and capability by orders of magnitude. Demands for more
capacity have, in many cases, been met by merely
increasing the size and weight of the satellites, with more
channels for communication or more memory or more
processing capability, but still representative of the
cxisting state-of-the-art. In general, the size of satellites
has grown significantly over the early trail-blazer
versions with their admittedly limited capabilities. Yet,
there are indications that we still have a long way to go
before the ultimate limits are reached in “making things
small.”

In the present economic climate, it appears certain that
there will be significant cutbacks in most areas of the
defense budget, including military space systems. The
Department of Defense (DoD) and the defense industry will
be expected to design and field more advanced and more
efficient space systems. These newer systems must, and
will, make even more use of miniaturized, high technology
components than are incorporated in our current stable of
satellites. Using this philosophy, future systems can be
expected to have equal, if not greater, capabilities than
most of the current systems on a unit weight basis. Upen
implementation of this philosophy of reduction in the size
and cost of both satellites and their booster rockets, we
will have made major steps toward synergistically
satisfying emerging national needs for responsive and
reconstitutable space systems.

The Defense Advanced Research Projects Agency (DARPA)
is the central research and development organization of the
DoD and, as such, has the primary responsibility for the
maintenance of U.S. technological superiority over
potential adversaries. DARPA's programs focus on
technology development and proof-of-concept
demonstrations of both evolutionary and revolutionary
approaches for improved strategic, conventional, rapid-
deployment and sea power forces and on the scientific
investigation into advanced basic technologies of the
future. DARPA can move quickly to exploit new ideas and
concepts by working directly with industry and
universities.

For four years, DARPA's Advanced Space Technology
Program (ASTP) has addressed various ways 1o improve the
performance of small satellites and launch vehicles. The
advanced technologies that are being and will be developed
by DARPA for small satellites can be used just as easily on
large satellites. The primary objective of the ASTP is to

2. The Aerospace Corporation
Suite 7900
955 L'Enfant Plaza, S.W.
Washington, D.C. 20024-2174

enhance support to operational commanders by
developing and applying advanced technologies that will
provide cost-effective, timely, flexible and responsive
space systems. Fundamental 1o the ASTP effort is finding
new ways {0 do business with the goal of quickly inserting
new technologies into DoD space systems while reducing
cost. In our view, these methods are prime cxamples of
what may be termed “technology leveraging.”

The ASTP is a multidisciplinary technology development
effort aimed at quickly exploiting advanced technologies.
Inctuded in the program are:

« Sponsorship of the initial launches of the
Pegasus Air-Launched Vchicle (ALV) and the
development of a Standard Small Launch Vehicle
(SSLVY;

» Development of enabling technologies
subdivided into satellite support subsystems,
satellite payloads and communication terminals;

» Development and launch of small satellites for
demonstration to and evaluation by the military
Services. Included in this area are the Multiple
Access Communications Satellite (MACSAT)
program and the Microsat program;

« Development of a standardized. multimission
common bus under the Advanced Technology
Standard Satellite Bus (ATSSB) program: and

+ Development of two advanced technology
satellite demonstrations scheduled for launch in
the mid-1990s. The Advanced Satellite
Technologies for EHF Communication (ASTEC)
program will develop and launch two EHF
payloads. The Collaboration on Advanced
Multispectral Earth Observation (CAMEO)
program will develop and launch a multiple-use,
remote sensing, multispectral payload.

The ASTP has initiated over 50 technology projects, many
of which have been completed and transitioned Lo users.
The objectives are to quickly qualify these higher risk
technologies for use on future programs and reduce the risk
of inserting these technologies into major systems, and to
provide the miniaturized systems that would enable smaller
satellites to have significant .- rather than limited --
capability. Only a few of the advanced technologies can
be described here, the majority of which are applicable o
both large and smali satellites.

* The authors wish to acknowledge the valuable contributions of LTC Robert J. Bonomeui. DARPA, and John Draim.

Space Applications Corporation.
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2. ENABLING TECANOLOGY PROGRAMS

2.1 Subsystems

A significant portion of the ASTP effort is devoted to the
development of satellite subsystem technologies.
Subsystems such as power supplies, atiitude determination
and control devices, communications, computer
processing and memory storage, propulsion units for
stationkeeping and repositioning are, of necessity,
present on virtually every satellite {whether “light” or
“heavy”). All of these items contribute to the weight of
the satellite on-orbit; thus, major reductions in weight and
cost not only benefit the satellite, but also aid in reducing
the size and cost of the booster vechicles that put them in
orbit. The ultimate objective is 1o minimize the size and
maximize the efficiency of launches vehicles and the
satellite bus so that the "business end” of the the space
system -- the payload -- comprises a much more significant
fraction of the overall satellite weight.

2.1.1 Lightweight Reaction Wheel

The Lightweight Reaction Wheel (LRW) is a magnetically
suspended reaction wheel with redundant electronics that
will provide five times the momentum of existing units at
the same weight, with growth potential to ten times the
momentum, by using magnetic bearings in licu of ball
bearings and faster rotational speed. The LRW requires
25 percent less power and can be used on all satellites; its
higher speed and reduced bearing vibration potentially can
benefit operation of onboard sensors (e.g., less “blurring”
of a sensor’s image). This effort is aimed at the design and
delivery of a prototype LRW for testing and subsequent use
on a satellite. The prototype LRW will be flown on an
upcoming Air Force Space Test Program flight.

2.1.2 Miniature Global Positioning System Receiver

This effort is a technology development project to design,
fabricate, develop, deliver and demonstrate, in an
operational environment, a space-qualified. multichannel
Global Positioning System (GPS) receiver than can be uscd
to support autonomous navigation onboard spacecraft
(Figure 1). The GPS receiver will enable the simultaneous
reception of multiple GPS navigation signals, thereby
providing greater position accuracy in comparison with
currently available receivers that seauentially receive the
multiple GPS navigation signals. The use of gallium
arsenide (GaAs) technology has enabled this more
“powerful” receiver to fit in a much more compact package
(one-tenth the size of previously space-qualified
receivers). The GPS recciver is scheduled to “fly” on
several space missions beginning in 1993.

2.1.3 Attitude Determination, Control and Navigation
System

A single, fully integratcd guidance, navigation and control
system is being developed under the Attitude
Determination, Control and Navigation System (ADCNS)
project. [t will use low cost star trackers, fiber optic
gyros, generic VHSIC space-borne computers and the
ASTP-developed GPS receiver (see paragraph 2.1.2). The
strap-down star tracker is designed to determine attitude by
recognizing star patterns via an acquisition scarch pattern
(a slow attitude change maneuver) and maintain that
attitude determination in any oricntation via nearly
continuous star tracking. Low cost, highly reliable fiber
optic gyros provide attitude determination during high
slew rate manecuvers, smoothing between star sightings
and rate stabilization. Spacecraft autonomy is maintained
by using the GPS for navigational updates. Advantages of

this project include a star pattern recognition algorithm
that eliminates the need for an inuial attitude acqumsition
sensor (i.c., no sun or earth scasor is required) and genenc
applicability to all three-axis. stabilized spacecraft.

Figure 1. Miniature GPS Receiver

2.14 Inflatable Torus Solar Array Technology

Solar arrays typically provide spacecraft power. At
,fesent, as the amount of power required increases, the size
and weight of the solar arrays increase -- a situation that
necessarily constrains the capabilities of payloads on
small sateliites. The ASTP's Inilatable Torus Solar Array
Technology UTSAT) project aims to muke possible space
missions that arc otherwise impossible by providing
increased available power while maintaining small launch
volume and weight. An inflawable, self-rigidizing torus
structure supports the solar ccil blanket. The modular
design ~lows for easy insertion of new solar ceil
teck _s including thin film arrays. The current ITSAT
under development has design goals of 100 watts/kg and

120 wans/m?.

2.1.5 Miniaturized, Low-Power Parallel Processor

The basic goal of the Miniaturized, Low-Power Paralle!
Processor technology development project is the
reduction, by an order of magnitude, of onboard processor
size, weight and power consumption fur space-based
sensor systems. Such processors must employ massively
parallel architcctures with large numbers of processing
elements in c:der 1o achaieve the high throvchputs required
(up to tens of billions of operaiions per second or more).
The approach for achieving this goal is to use three-
dimensional, hybrid wafer scale interconnect and
packaging technology. In this concept. individual
modules with multiple, unpackaged semiconducter chips
are compactly interconnected into a high density package
with substantial weight and power savings over exisling
packaging approaches (Figure 2).

2.1.6 Magnetic Disk Mass Memory

Rotating disk memory subsysiems have been a leading
technology product for many years. Although not widely
applied to space applications, they represent siaie-oi-the-
art for high density, mechan‘cal memory subcystems.
They are less complex and have fewer potential mechanical
failure points than traditional spaceborne tape recorder
systems. The objective of the Magnetic Disk Mass
Memory project is to develop a magnetic rotating disk
memory subsystemn that will provide up to | Gigabyte of
high-speed data storage. The cffort will review available
optical and magnetic disk cquipmeni, determine the
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physical and environmental requirements for operation
aboard a spacecraft, and design and fabricaic an enclosure
suitable for space flight.

2.2 Payload Technologies

In addition to providing more room f{for payloads on
satellites, we intend to increase the number of bits or
pixels per pound for communications and optical
payloads. Several projects have been initiated to do just
that. In this section, we discuss some of our EHF, UHF and
laser communication initiatives and several of our optical
technologies initiatives.

221 EHF

22.1.1 Payload Concept

The most promising, new, near-term technology for
protected communications employs the EHF band
(approximately 44 GHz uplinks and approximately 20 GHz
downlinks). The ASTP has several technology projecis
underway that synergisticaily complement and support
other DoD work in the EHF arena, including the
application of advanced technologies that would
significantly reduce the size, weight, volume and power
requirements of existing EHF systems. We are striving for
& 65 percent reduction in required power compared with the
present technology base.  Within five years, further
technology advances should provide an additional
30 percent reduction in weight and power. Presently, our
studies indicate a payload weight of approximately
67 pounds for a 35-channel, low data rate (LDR) EHF
package is possible (compared to the existing 225-pound
packagce). A highly efficient, 2 watts, 20 GHz
transmitting, high-power amplifier yields an overall
efficiency of at least 35 percent; it uses a recently
developed (DARPA-sponsored) GaAs permeable base
transistor. Also being developed for this project are a
high-speed signal processor, lightweight signal generator
and lightweight scanning antenna. The 44 GHz scanning
antenna has a variable beamwidth, making it capable of
operating in elliptic, as well as circular, orbits.

2.2.1.2 Spherical Lens Antenna

The Spherical Lens Antenna project has as its objective
the development of a wide field-of-view (WFQOV),
electronic scar ing. multibcam EHF antenna capable of
nulling interfering signals and operating in a variety of
orbits, inciuding those that are highly elliptical. The
antenna’s radiating aperture is a sphere of solid dielectric
that provides a graduated index of refraction to form the
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radiating aperture. Feedhorns are arranged with equal
spacing on a concave spherical surface adjacent to the
dielectric sphere. To form an electronically scanned
antenna, any one of a large number of feeds is excited
through an interleaved, switched tree neiwork, which can
combine clusters of homs to perform complex nulling or
can be used for simple switched beam operations. The size
of the lens depends on the minimum gain requirement
(e.g., for 25 dB minimum gain, the lens would measure
approximately 2.5 inches in diamecter at a frequency of
44.5 GHz). The estimated size of the antenna (lens,
homs and switch tree) is 12-inch diameter cylinder and
10 inches long.

222 UHF

The most widely used and, unfortunately, most vulnerable
military satellite communication (MJLSATCOM) rrequency
band is UHF. The Muliiple Path, Beyond Line-of-Sight
(MUBL) Communication effort is aimed at providing
interference-resistant voice communications among
affordable, handheld UHF terminals having approximately
5 watts of RF output. The concept provides a single-hop
capatiiity (as seen by the user terminal); it may be thought
of as an amplifying ionosphere. No satellite crosslinking
is contemplated. When more than one satellite is n view
of the communicating terminal pair, there are multiple
propagation paths. The modulation and coding system is
designed to support this and resist interference from other
satellites. In addition 10 satellites, MUBL can be mounted
on high altitude balloons, mountaintops or unmanned
aerial vehicles. Successful implementation cf these
concepis could substantially alleviate shortcomings noted
in the recent Desert Siorm operations.

2.2.3 Satellite/Submarine Laser Communications
Initiatives

A number of laser communications studies and
demonstrations are underway or have been compieted by
the ASTP. Their common objective is to develop reliable,
two-way laser communications systems. For submarines
having expanded operational depth and speed envelopes,
laser communications provides the potential for timely
message delivery at useful transmission rates. Current
submarine communications can be enhanced through the
use of blue-green laser technology. Submarine laser
communications systems will require smait, lighiweight,
prime power efficient lasers and narrow spectral band, wide
field-of-view optical filters. The ASTP has scveral blue-
green laser projects that address these challenges. At
present, these development cfforts focus on the Cesium
Atomic Resonance Filter (Cs AR.'; and alternate narrow
bandpass filters, as well as several laser transmitter
technologies. All of these technologies are being
developed for rapid insertion into candidate spacebome
laser communications systems.

2.2.3.1 Cesium Atomic Resonance Filter

The Cs ARF project is designed to investigate enabling
technologies to support satellite-to-submarine laser
communications. Specific areas of investigation are
satellite system concept definition and uplink receiver
breadboard design development and testing. The Cs ARF
receiver approach utilizes a unique side-coupled Cs ARF as
the basis for the 4-cell array (Figure 3). This approach
provides very good broadband signal rejection with
exceptionally high inband signal throughout. Our
findings to-date have resulted in an order of magnitude
improvement in cell efficiency from 4 percent to over
47 percent.
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2.24 Optical Initiatives

Several research contracts for optical studies and
breadboard demonstrations are completed or ongoing. The
objective of these projects is to advance the state-of-the-
art in satellite technologies for electro-optical sensor
systems.
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Figure 3. Cs ARF (Cross-Section)

2.24.1 Phased Array Mirror, Extendable Large Aperture
Aperture size of present space-based optical systems is
limited by cost and availability of a vehicle to launch a
large, massive, primary mirror. The Phased Array Mirror,
Extendable Large Aperture (PAMELA) project is
developing the technology to build a mirror composed of
lightweight segments that can be folded for launch and
automatically space-deployed to form a large aperture.
(See Figure 4). The technology will develop and integrate
sagment sensors and position actuators with contrnl
algorithms for accurate remote deployment and active
surface control. Miniature sensors on all adjacent edges
sense relative segment offset. These sensors, considered
key to the technology, have been demonstrated.

CLUSTER
OF SEGMENTS
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Figure 4. PAMELA

2.2.4.2 inertial Pseudo-Star Reference Unit

The Inertial Pseudo-Star Reference Unit (IPSRU) project is
developing a single unit for precision pointing and
stabilization of optical payloads. It will compensate for
mechanical flexural movements, thereby allowing the
incorporation of less stiff and lighter structures. The

IPSRU synthesizes the equivalent of an inertial star tan
optical probe beam) that is injected into the path of a
payload's telescope (Figure 5). This inertial star provides
the means f{or closed-loop payload focal plane
stabilization, which will eliminate the effects of jitter and
transient distortions on the focal plane and the telescope
structure.
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2.24.3 Electron Tunneling Sensor

Sensors for a wide range of signals are of primary
importance for advanced systems in acrospace guidance
and conuol, roboitics, target imaging and other important
applications. The ulrascnsitive electron tunnel sensor,
recently developed at Jet Propuision Laboratery, has
applications in advanced accelerometers, hydrophones,
magnetometers and room-temperature infrared detectors.
The wnnel sensor is based on the quanium-mechanical
clectron tunneling mechanism used in the scanning
tunneling microscope, which won the 1986 Nobel Prize
for Physics. A compact tunnel sensor with the size and
mass of a pennv has been micromachined from a silicon
wafer. Because the tunnel sensor can be fabricated n
silicon, 1t is possible to fully ntegrate the tunnel sensor
with its microelectronics in a2 monolithic silicon package.
2.3 MILSATCOM Terminal Technology
Development

DARPA’s IMPACT (Insertion into MILSATCOM Products
of Advanced Communications Technologies) Program 1s a
mullidisciplinary technology development effort aimed ai
phased insertien of advanced technologies into
MILSATCOM terminal systems. The fundamenial goal of
this program is to reduce the life cyvcle cost of the
MILSATCOM terminal segment with associated reductions
in terminal size, weight and power consumption and
enhancements in performance, reliability and capabilinies.
The program addresses broad technology efforts that span
all MILSATCOM terminal programs with technology
insertion initiatives, retrofits and upgrades, as well as
cnabling technology developments in support of next-
generation terminals,

MILSATCOM systems currently encompass a diverse
multitude of terminals that are designed to interface with
several different types of satellites operating in three
MILSATCOM bands. Each frequency band offers particutar
advantages and complementary characteristics to the
overall defense space architecture.

In addition to this diversity, the terminal population
incorporates numerous distinct svstem implementations,
including manpack and man-portable terminals: mobile




Significant technological advances occurred during the
time that most of the infrastructure was acquired; however,
it is not cost effective for DoD 1o procure a new suite of
terminal systems despite the enhanced performance, novel
capabilities and other advantages that new technologies
have to offer. Instead, innovative product and process
strategies are needed to modernize and upgrade the existing
infrastructure by inserting advanced technologies into
current systems. In this way, new technologies can be
exploited in a manner that leverages our prior investments
in the MILSATCOM architecture.

Since a fundamental goal of DARPA’s IMPACT Program is
successful and immediate lechnology transfer, close
coordination has been established with key organizations
and programs in the MILSATCOM community. These key
players include system users, technology developers in
Service laboratories, terminal product management
offices, the executive management for the MILSATCOM
Architecture, the Defense Science and Technology
Program, and agents for execution of the program.

IMPACT will work closely with the MILSATCOM terminal
community and with technology developers. By
conducting an integrated, coherent effort, IMPACT will
synergistically leverage ongoing work within this
community and wi.nin industry to achieve the product- and
process-oriented goals of the program.

IMPACT will serve as a testbed and role model program for
the rew era of defense acquisition in which budgetary
constraints necessitate reduced fielding of new systems and
greater emnhasis is placed on research and development.
This program will pioneer the leveraging of R&D 1o
upgrade, sustain and modemnize existing fielded equipments
in order to maintain the compelitive technological
advantage that the U.S. now possesses in defense
capabilities.

3. LIGHTSAT COMMUNICATIONS
TECHNOLOGY DEMONSTRATIONS

Another activity addressed by the ASTP is the actual on-
orbit demonstration of complete systems. This provides
“proof of the pudding” for all the preceding phases of R&D
effort in systems studies, and subsystem and component
development in the form of conclusive on-orbit
operations.

3.1 MACSAT

The initial constellation of DARPA lightsats was launched
on a Scout booster in *ay 1990, two years after startup of
the program. [t included two UHF store-and-forward
satellites, the MACSATs. It was planned to demonstrate
their operation to tactical commanders in as realistic
environments as possible. The demonstrations would
display global message relay for manpack terminals, to be
interoperable with existing equipment.

The MACSAT schedule demonstrated an accelerated
response and development time compared with more
conventional system. The MACSATs performed
communications operations in support of Operations
Desert Shield and Desert Storm (for the U.S. Marine
Corps), and were used in training demonstrations for the
Army and the Navy and for Antarctic support for the
National Science Foundation. Numercus demonstrations
including transmission of digitized photographs have
been accomplished. The physical characteristics of the
MACSATS are as follows:
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* 16-sided prismoid

* 24-inch diameter, 14-inch height

* 136 pounds

» Gravity gradient stabilized, assisted by magnetic
Z-coil

* Semi-monocoque construction

The MACSATS are placed in a near polar circular orbit
(89.9 degree inclination) at 370 nautical mile altitude. Up
to 1,024 mailboxes may be accessed. The
communications package operates with UHF frequency
shift keying (FSK) receivers and either a 10-wan
transmitter or a 60-watt high power transmitter. The
standard data rate is 2.4 Kbps, although demonstrations at
4.8 Kbps have been accomplished. The electric power
subsystem uses a body-mounted, 54-solar cell array and a
144.watt-hour commercial nickel caamium (NiCd) battery
pack, operating in an 18-voit DC bus.

3.2 Microsat

A second constellation of seven communication satcllites.
weighing 50 pounds each, were launched on a single
Pegasus ALV on July 17, 1991. The satellitcs (known as
Microsats) were designed to provide intra-theaier voice or
digital communications along with some store-and-forward
digital data vansfer. The electric power system included
18 solar panels with a 50-wait-hour commercial NiCd
battery pack., a S5-volt linear regulator and a 5/15 voit
DC/DC converter. The attitude control system included an
earth sensor and magnetometers for reference, torque rods
for spin-up and a 1.1-liter nitrogen tank for
stationkeeping. The communications system allowed for
cither analog or digital communications. A digitally-
controlled UHF FSK 10-watt transmitter and FSK receiver
allowed voice communications or up to 4.8 Kbps digital
data rate. Omni-directional blade antennas were deployed
on both sides of the spacecraft.

Microsats had the following characteristics:
e 12-sided

19-inch dia.eter. 7.5 inch height

Deployable antennas

Spin stabilized

Nitrogen cold gas propulsion

* e o @

The Microsats were designed to be ejected from the carriage
in such a manner as io place them in a single orbital plane
with 400 nautical mile altitude circular orbits. Although a
launch vehicle anomaly resuligd in a much lower orbital
altitude, the correct inclination and satellite spacing was
achieved. A very successful demonstration program was
completed before the satellites re-entered the atmosphere
approximately six months after launch.

4. ADVANCED TECHNOLOGY
DEMONSTRATIONS

Consistent »ith the new DoD Science and Technology
Strategy, DARPA has initiated a number of new programs
to quickly develop and apply advanced technologies into
technology demonstrations. The purpose of these
advanced technology demonstrations is to ensure we
continue to pursue the advancement of enabling
technologies that may be required in our future weapons
systems and to reduce the risk for incorporating these
technologies into future systems. These demonstrations
include our existing Pegasus and Taurus launch vehicles
and szveral new programs to demonstrate advanced
satellite technologies for communicatiors and remote
sensing.
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technologies into future systems. These demonsirations
include our existing Pegasus and Taurus launch vehicles
and several new programs to demonstrale advanced
satellite technologies for communications and remote
sensing.

4.1 Launch Vehicles

The launch vehicle poruon of the ASTP is aimed at
providing flexible and responsive capabilitics to quickly
insert payloads into orbit. Many of the current large
vehicles are constrained to launches f{rom cither
Vandenberg Air Force Base or Cape Kennedy. The primary
objective is 10 demonstrate the capability to launch small
satellites into space independently of the existing launch
base infrastructure and to reduce the cost-per-pound to orbit
for small launch vehicles that traditionally have suffered
from the economy of scale barriers.

4.1.1 Pegasus

Pegasus is not a typical Government program, nor 1s it a
commercial program. Rather, it is a dedicated team effort
in which both the Governmernt and indusiry cooperated to
accomplish a demanding task in a very short amouni of
time with relatively little money. DARPA and the Air
Force signed a transition agreement under which DARPA
will turn over management for the remamning launches to
the Air Force. This is a good example of DARPA's pnme
role in military R&D -- transitioning technology to the
Services.

The Pegasus ALV successtully orbited payloads on us first
flight on April 5, 1990. and on its second flight on
July 17, 1991. This DARPA-sponsored program has
demonstrated a responsive and economical capability for
putting small payloads into orbit. This very successful
program has met at least {our mayor objectives:

» Validated the air launch concept (twice);

» Launched dissimilar NASA and Navy payloads on
a single launch mission;

» Launched seven Microsats on a single launch
mission; and

+ Provided the first demonstration of a GPS
receiver opecrating on a  space
launch vehicle during the boost phase ascent
trajectory.

Following the first launch of Pegasus, some performance
upgrades were incorporaled for the second launch in
July 1991,  Although the second Pegasus launch
experienced two significant inflight anomalies resulting
in a lower-than-intended orbit injection altitude, the fact
that it successfully orbited the seven Microsats is a visible
measure of the robustness of its autonomous guidance and
control system and ultimate capability. Design
medifications to correct the problems have been developed
and are :n the process of being qualified.

4.1.2 Taurus

The Taurus SSLV will provide the capability to launch
approximately five times the capacity of Pegasus from a
ground-transportable system. It consists of a Pegasus
without wings and a larger fairing sitting atop a
Peacekeeper first stage. The entire launch system is
transportable and can be operated rom a bare base; launch
site establishment is complcted within five days and

payloads can be launched within 72 hours of launch
notification.

The current Taurus design can place approximately
2,000 pounds into a 400 nautical mule, 285 degree
inclined orbit. It 1s expected that, with modifications
(t.e., addional suap on motors and a new apogee Kick
motor), Taurus will be able (0 place small satellites
1600-pound class) into geostationary orbits,

4.2 Advanced Technology Standard Sateliite
Bus

The ATSSB project will design and develop a
multimission-capable, small, standard spacecraft bus that
incorporates a new approach to building satellites that can
accommodate different types of “bolt-on” mission
payloads. The bolt-on concept can best be descnibed as a
system having an isolated payload attached to a8 high
performance,. lightweight bus emploving advanced
technology through a singie, standard interface (Figure 6).
The ATSSB will be capable of accepuing these bolt-on
payloads from a varietv of candidate mission areas
including meteorology, communications, surveilance and
tracking, target location and navigauon.
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Figurae 6. Genanc Comman Bus Contfiguration

Payloads employing the standard bus wiil be launchable
fium both small and large launch vehicles and capable of
performing in a variety of orbits. The ATSSB project will
provide designs for a versatile bus that will allow surge
capability and ease in reconstitution of space assets.

The key features of the common bus are capability,
affordability and flexibility. Capability comes mainly by
employing newer technologies cnabling greater
performance tn smaller packages. Autonomous orbit and
autitude determination will enable satellite supervision, as
well as satellite maintenance. The autonomous mission
planning function will ultimatcly ~nable the support of
tactical users’ immediate tasking requirements. The
affordability of all satellite systems is largely a {unction
of total satellite {(and associated booster) weight, as well as
the number of units procured. Obviously, the non-
recurring costs will decrease when each satellite ceases to
be a special design case in itself. In addition, the
flexibility of the bolt-on concept system can enable quick
integration and change out, if necessary, immediately
prior to launch.

The common bus provides a clean structural surface with a
standard clectrical interface to mate with a wide range of



mission and payload types. A direct-load path is fumished
for all payload elements and the bus, with provision for
stacking payloads if muluple launches are desired.

DARPA has as an objective the increase mn payload mass
fraction from around 30 percent (the present level) to
approximately twice that figure. This reversal in weight
fracuon invesied in bus and payload, respectively,
represents in iself a significant advance in space
technology (see Figure 7).
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Figure 7. Payload Mass Fractions, Current Systems
and Futura Goals

The performance requirements for the ATSSB include: (1)
support to payloads of up to 500 pounds requiring
400-600 watts of peak power, (2} three-axis attitude
control, (3) standard communication links, (4) propulsion
for orbit maintenance. and (5) a three-year muission life.
The program will emphasize the use of common industry
standards and will be scalable to support 1000-pound
payloads with a seven-year mission life.

4.3 ASTEC Demonstration

This DARPA-led joint DoD program integrates the
advanced EHF communications and satellite subsystem
technologies under development in DARPA/DoD and flight
demonstrates two experimental, lightweight, EHF small
satellites. The goals of the program are to support the
joint DoD Global Surveillance and Communication
(GS&C) demonstration objectives:

* Develop, space-qualify and transition advanced
technologies to support the mid-1990's
MILSATCOM modemization decision milestoncs
and integrated GS&C demonstrations;

« Assess the utility of small satellites to: (1)
augment larger backbone satellites; (2) enable an
evolutionary/affordable approach to
MILSATCOM procurement/modernization;
(3) provide quick reaction surge and specialized
communications support; and

+ Serve as an acquisition management testbed aimed
at lowering costs and reducing “time to markel”
for new satellite systems.

The general program approach calls for the development,
launch and demonstration of two technology satellites in
geosynchronous orbits.  Satellite 1 incorporates the
prototype ATSSB and the Massachusetts Institute of
Technology/Lincoln Laboratory-developed EHF payload

containing very high data rate (VHDR: 274 Mbps,
unprocessed EHF) and low data rate/medium data rate
(LDR/MDR) capabilities. An integraied payload testbed
will be built to support pavioad development, EHF MDR
ground terminal development and on-orbst demonstration
operations. The second satelfite incorparates the ATSSB
with an industnalized version of the Lincoln Laboratory
LDR/MDR payload, augmented by muitichannel MDR and
an antenna nulling capability. Two satellites are required
to accommodate the full set of technical objectives
Gincluding the industrialization of the EHF payload
technologies) and the development ume needed to mature
the complex antenna nulling technology. The early
launch of the first EHF payload will demonstrate the
integrated technology in the timeframe needed to support
integrated DoD  demonstranions  and MILSATCOM
milestone decisions.

Figure 8 shows the functional layout of the core payload.
The core of both payloads is an EHF communications
package that provides 32 MIL-STD-1587C LDR channels
and two MIL-STD-1810 MDR channels. The data rate for
the LDR channcls is 759600 bps and for the MDR
channele, £ 018380 khps. The core LHT
communicaticns package will provide a variable
beamwidth antenna that uses a dichroic lens 1o support
both uplink and downlink wuth a single reflector. Twe
carth coverage homs are inciuded. The pavloads will
perform all signal processing required 1o maintain the
MIL-STD-1582C and MIL-STD-1810 transmission
formats.  As a design goal, the payvloads will have a
modular design to allow early technology upgrades, as welil
as scalability, for increased channel capacity and extra
spot beams.
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Figure 8. ASTEC EHF Payioad

The technology advances gained as a result of the ASTEC
technology demonstrations will greatly impact future
MILSATCOM systems through the introduction of new
capabilitics, incorporation of new advanced technologies
and demonstration of new implementation altematves
such as small satellite augmentation. The ASTEC payloads
implement the following new MILSATCOM services:
+ First on-orbit MIL-STD-1810 (EHF MDR)
capability
- Supports 4.8-1638.0 kbps data transmission
- Includes four channels on Pavicad | and
cight channels on Payload 2
* Unprocessed (i.e., transponder). VHDR EHF
capability (Pavload 1 only)
- Supports scintillation-resistant -elivery of
wideband date to/from remote l¢ ations
- Supports data rates up to 274 Mbps from a
10-foot, 500-wau wransmit terminal. through
the ASTEC VHDR transponder, 0 a 20-foot
receive terminal
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- Provides significant nulls over 2 GHz
bandwidth
- Places null on jammer automatically
« Variable antenna spot beam capability
(1.0-2.5 degrees)
- Allows tailoring of the beam for various
theater sizes
- Allows tailoring of the beam to support
various terrminal requirements

« On-orbit payload reconfiguration capability
- Allows re-allocation of beam/channel group
pairings
- Supports dynamic re-allocation of resources
to support changing networks

The ASTEC payloads implement these services by
cmploying advanced technologies in key subsystem
applications that will reduce payload weight and power
consumption while increasing capability. As a direct
comparison, the ASTEC MIL-STD-1582C 36-channel
group achieves a 65 percent reduction in weight and a
50 percent reduction in power over the 36-channel group
implemented on the Firet Satellitc Communications
(FLTSATCOM) EHF Package. The technologies that
cnable this reduction include application-specific
integrated circuits for signal processing; direct digital
synthesis of the local oscillator frequencies; lightweight,
flangeless waveguide for the beamforming nctworks: and
either permcable base transistors or high-clectron-
mobility transistors for high efficiency, high power solid-
state power amplifiers.

4.4 CAMEO Demoanstration

The CAMEO (Collaboration on Advanced Multispectral
Earth Observation) Program will integrate advanced
optical and sensor technologies with the ATSSB to
demonstrate and space-qualify a new, lightweight.
multispectral, remote sensing satellite. The program
offers an important two-fold opportunity: to demonstrate
technology that simultaneously addresses critical DoD and
civil needs, and to advance the concept of using small
satellites for rapid, affordable capability insertion beyond
DoD into the civil/national space arena. The goals of the
program are to demonstrate:

« “Dual use,” multipurpose, advanced, remote
sensing technologies for: (1) DoD-Wide Area
Surveiilance, (2) Civil-Global Climate Research
and (3) Civil-Environmental Monitoring;

+ The use of small satellites to rapidly augment
on-orbit capability and affordably modernize
both DoD and civil remote scnsing satellite
constellations; and

« New payload operations concepts and the direct
downlinking of usable data to DoD and civil
consumers.

The payload concept is distinctly different from typical
“dual use” approaches. Rather than develop a sensor that
can be used only for a single purpose by “dual users” (i.c.,
cloud imaging for DoD and civil needs), this program will
develop advanced sensor technology adaptable to multiple
purposes by multiple users.

Specific technical objectives are to:

+ Develop and space-qualify an advanced,
multispectral, remote sensing pavload for small
satellites;

¢ Demonstrate mulumission usage of ATSSB for
remole sensing payloads in low earth orbit; and

* Develop and demonstrate Common Data Link
(CDL) standard technology for small satellites
and direct downlink connecuvity 10 mobile earth
termunals.

Our first activity was to identify the DoD and civil remote
sensing requirements and nceds that could be met best by a
mullispectral payload. Existing DoD requirements and
measurement nceds associated with civil programs such as
Landsat. NASA's Earth Obscrving System (EOS) and the
Strategic Environmental Rescarch and Development
Program were surveyed, from which emerged clear areas of
averlap in speciral coverage, spectral resolution, etc.,
that indicate many requirements could be addressed using
an integrated multispectral payload. The requirements
framework was used to define the general characteristics of
a payload and an in-house study was conducted to define a
point design. This design proved feasible for
implementation as a smail satellite payload on the ATSSB.
The current program plan calls for system development
consistent with an FY%6 launch.

The first area surveyed was ciimate rescarch. The highest
priority measurements for detec'ing and characterizing the
global climate change signal und the pattern of this
change have been well aruculated by the U.S. Global
Change Research Program and many individual sciennsts
such as Dr. Jim Hansen, Director of NASA's Goddard
Institute for Space Studies. The core measurement
requirement cssential to characterizing the climate system
15 long-term monitoring of the carth's radiation budget.
These measurements have not been made for
approximately two vears and none are planned before the
deployment of a radiation budget radiometer on a Japanese
satellite in the mid-1990s and the first EOS system in the
late 1990s. It is essenual to understand man's impact on
the climate system. anthropogenic climate forcings.
Space mecasurements of aerosols, ozone, water vapor and
surface reflectivity (albedo) are required, all of which, at
present, are measured inadequately or not measured at all.
Lastly, the climate feedback mechanisms are poorly
understood and modeled. It is essential to understand
whether man's impact on the climate system results in
large scale changes (e.g., cloud cover) that positively or
negatively reinforce the trend toward global warming. The
most important of these requires detailed global
measurements of cloud phase and particle size.

The second measurement area considered is environn.ental
quality monitoring, including parameters such as air and
water pollution, hazardous waste site monitoring, wetlands
and land use monitoring and surveillance of nawral and
man-made disasters for emergency response.  Most of
these parameters have signature features that emerge from
multispectral measurements.  Although Landsat and
Systeme Probatoire d'Observation de la Terre (SPOT) have
addressed many of these, their spectral bands were not
optimized to measure them and their spatial resolution is
inadequate.




The third area surveyed was DoD's need for mulispecural
imagery. The primary mission considered is battlefield
situation monitoring, which includes area delimitation and
target nomination. Area delimitauon is that process by
which sensor data is used to exclude large regions that
otherwise require wasteful, repetitive searches using high
value assets. For example, terrain relief and trafficability
maps can be used to delimit regions where transportable
vehicles can be employed. Target nominauon includes
identifying localized regions of interest for cueing of
higher resolution assets. Detection of large scale
camouflage deployment could be used as a target
nomination metric.

Otker primary applications include support to the
identification and recognition process as well as largeting.
In the latter, the roles envisioned for a multispectral
system include 3-D terrain mapping and weather updating.
Ancillary DoD missions include monitoring the growth
and transportation of illegal crops and drugs, coastal zone
monitoring including bathymetry, and large-scale change
detection (runway -extension, etc.).

The overlapping requirements for spectral coverage and
resolution, number of spectral bands. spatial resoluiion,
FOV, calibraticn and radiometric sensitivity required to
address these three mission areas have been identified. The
suriking similarity is that (with the exception of one
aspect of climate monitoring) almost all mecasurement
categories require a few w several bands between 0.4 and
5.0 microns. The total number of unique bands required
exceeds 25. For both DoD and environmental quality
monitoring, moderate to high spatal reseluticn is required
(5-20 meters) over moderate sized FOVs (10-50 km). All
chmate measurement parameters, however, require 2 WFOV
at relatively coarse resolution (3-10 km).

This analysis has led us to define an integrated payload
consisting of three sensors: a narrow FOV (NFOV) sensor
0o address most DoD and ecnvironmental quality
monitoring measurement needs, a WFOV sensor to address
most climate monitoring needs and DoD's battlefield
weather requirements, and a radiation budget radiometer to
measure the earth’s total outgoing radiation.

Elements of the ntegrated system include the space
segment, bus control element aud payload ground station.
As described earlier, the ATSSB will be used. It is capable
of a2 50 percent mass fraction, for advanced technology
"bolt-on" payloads, and will use CDL as the
communication system. The integrated payload will
consist of the above three sensors. Satellite bus conwrol
will be managed through the Air Force Satellite Controt
Network (AFSCN). Payload tasking, sensor data downlink
and data exploitation will occur at the payload ground
station, which will include the existing Mobile
Interoperable Surface Terminal (MIST) and a small,
powerful processing system. All sensor data will be
transmitted for further processing and archival through the
payioad gro'ind station.

The integrated payload design approach includes several
essential features. First, the spacecraft is sized for launch
on the Taurus SSLV using the ATSSB. Total weight and
peak power budgets of 900 pounds and 600 wars,
respectively, have been established. The system design
life is three years. whick ~i'' lllow " 5tein dusiguets 10
balance performance with reliability to minimize overall
system cost. CDL has been adopted to facilitate the
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downlink of high data rate (HDR) NFOV imagery in a
compact, power efficient. affordable sysiem.

The NFOV instrument (Lightweight Muluspeciral Imaging
Sensor, (LMIS)) will provide 5-20 meter resolution with
spectral bands covering the 0.4.5.0 micron range. The
current baseline design for LMIS inciudes 4-6 bands in the
visible and necar infrared (0.4-1.0 gM) and shortwave
infrared (1.0-2.5 uM), respeciively, and 2-3 bands in the
medium wave infrared (3.0-5.0 uM). Multilinear arrays
with striped spectral filters will be used and with the sensor
operated in a pushbroom mode. The total FOV is expected
to be about 15 kun.

A portion of the FOVY wiil be used to demonstrate a
hyperspectral imaging capability using innovative filier
techneiogy. A candidate is the lincar wedge filter which.
when integrated with a focal plane array, provides 2
continuum of spectral bands at high resolution
{10-20 nM). LMIS will include on-chip spectral and
spatial aggregation modes. This feature, combined with
onboard image bandwidth compression. provides a means
for wansmitiing all LMIS imagery within the downiink
capacity.

The WFOV instrument (Multispectral Pushbroom Imaging
Radiometer, (MPIR)) will have 10-15 bands covenng the
visible to longwave infrared collected at 13 km
resolution. The MPIR FOV wiil be approximately
1000 km, achieved by several small, very WFOV opucal
sysiems operaung in the pushbroom mode.

Finally, the radiation budget radiometer most likely will
be an improved version of flight-proven instuments
flown by NASA. It measures total outgoing shoniwave and
longwave flux over a horizon-to-horizon FOV.

The measurement capability of this integrated payload
distinguishes it from existing and planned remote sensing
systems. MPIR has coverage and resolution similar 1o the
Defense Meteorological Satellite Program and the TIROS
series, but its spectral bands have been chosen to measure
quantities not available from these systems. Examples
include total ozone. acrosol loading, surface albedo and
cloud phase and parucle size. LMIS also has
characteristics that render it fundamentally distinct from
Landsat, SPOT and the High Resolution Imaging
Spectrometer (HIRIS) svstem planned for EQS. The
number of bands and spatial resoiution provide an ability
10 measure quantities welil beyond the limits of Landsat and
SPOT. These include rock and mineral type and water
pollution and wetland monitoring for the civil community
ar well as mapping, trafficability and battlefield
monitoring for DoD. Finally, the spatial resolution of
this system will support detection of camouflage and other
military equipment in many deployment scenarios. The
spatial resolution of HIRIS, a factor of 2-4 coarser than
this system, is inadequate for these missions. Finally, the
radiation budget radiometer flown on this satellite will fill
the measurement gap prior 1o ECS deployment.

Suczessful compiletion of the CAMEQ program will yicld a
number of diverse technology and concept breakthroughs
critical to future augmentation and modernizaiion of DoD
and civil remote sensing architectures. The development
and spaceflight of 2 lightweight, multispestral imager wii
deinsisuaic e applicabiity ot advanced focal plane and
optical technologies on a small satellite. LMIS will
operate at raw HDR, requiring the use of high-speed analog
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and digital processing electronics and bandwidth
compression chips. This will be the first demonstration of
these technologies on a small satellite.

The CAMEQ program will demonstrate the benefits of the
ATSSB. The opportunity will exist in this program to
further examine and highlight the significant acquisiton
time and cost reductions possible through the introduction
of standardized/simplified interfaces and the elimination of
non-recurring engineering. The weight oi the
multispectral payload is expected to fully exploit and test
the capability of the bus to meet the 50 percent payload
mass fraction goal. This represents nearly a factor of 2
mass fraction improvement over current satellites.

Finally, the lightweight implementation and
space-qualification of the CDL technology (now. the
airborne surveillance datalink standard) will enable
transition of the CDL standard into satellite platforms.
This is an extremely important technology progression
toward the far-term DoD goal of glo»al C°I connectivity
among all tactical and strategic platforms.

5. SUMMARY
The DARPA ASTP is aggressively supporting R&D efforts
aimed at enabling technologies for new sysiems concepts

and advancing space technology state-oi-the-art. These
new technologies will be demonsuated 1n protoiype or
breadboard systerms and transferred as rapdly as possible
inio operational systems. In fact, the primary objecuves
of DARPA's ASTP are 1o transition advanced technologies,
operational concepls and acquisition approaches tw the
appropnate Dol orgarizauons and to transfer these same
technologies to industry in support of future DoD
procurements.  Already, the successtul launch and
operation of the Pegasus ALV, MACSATs and Microsats
have been carrted out.  Recent demonstratons of
MACSAT's store-and-forward commurnications capablities
have been demonstrated to the Services in the ficld and
preliminary responses {rom operaung units are very
favorable. For example. the Navy 1s pursuing its Arcue
Conununications Program based on MACSAT systems
concepts and lechnologies. The Air Force, NASA, SDIO
and civil customers have awarded contracis for Pegasus
launches. DARPA will continue to pursue promising areas
for achieving new capabilites with smaller and lighter
advanced technologies and pave the way for showing how
development of space sysiems can be accomplished more
quickly and at grealy reduced cost.
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Discussion

Question: You mentioned an IPSRU program where platform
jitter is assessed/eliminated using a laser. May I
asK:

a. If the intent of the program to measure jitter
{(for later post-processing), or to eliminate/compensate
for jitter through a slaving control mechanism?

b. Is literature is available on this matter (open
or at least releasable to NATO)?

Reply: a) The unit alone provides very precise and
sccurate line-of-sight offset measurements for high
frequency, low magnitude jitter. When used 1n concert
with a fast steeriny mirror, or other closed loop
system, it can actively remove “itter.

b) The organization developing IPSRU i1s Draper Laboratory
in Massachusetts. The program manager is Mr. Jerry
Gilmore.

Question: Would you comment on the status of CAMEQ?

Reply: The CAMEO, ASTEC and ATSSB (standard bus) funding
has been included in the President's Budget submission
to Congress in Fiscal Year 1993 and is in the Five
Year Defense Plan. The initial technology work for

EHF Comms has been conducted for DARPA by Lincoln
Laboratory and awaits further funding. CAMEO pavload
specifications have been developed. The ATSSB is
currently in source selection. The Congress deferred
these programs in FY 93, stating their opinion that

we are prematucre in starting the program. We plan

to re-plan tiue program for a full start in 1994.

Question: Referring to submarine laser communications,
where you indicated that the submarine would uplink

a signal for geolocation purposes to assist in downlink
laser aiming, what measures do you propose for preventing
exploitation of this uplink radiation by hostile forces
for the same purposes?

Reply: There will be, in general, sufficient geographical
separation that exploitation will not be possible.
Use of wHF ensures narrow beamwidths.
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SUMMARY

The feasibility of installing SARs on
board lightsats for tactical and strategic
observation missions is discussed,
emphasizing high resolution and short
revisit intervals as main system drivers.
Lightsat constellations design criteria
are presented for both global and limited
latitude belt coverage. Pros and cons of
sunsynchronous versus medium inclination
non sunsynchronous orbits are discussed.

Gross system trade offs for the SAR sensor
are then addressed, in the specific
context of a resource-limited lightsat,
stressing the achievement of resolutions
better than 5 m, swaths greater than 20

Km, access angles of at least 30°, small
antenna dimensions and a reasonable power
consumption. Both X and C band SAR

solutions are outlined. pata transmission

alternatives are alsc discussed, in the
context of tactical and strategic
scenarios, outlining their projected
performance.

Constellation orbits control and platform
attitude are also addressed for their
impact on mission , SAR image quality and
satellite design requirements. Key aspects
of critical platform subsystems are also
identified.

1. INTRODUCTION

Lightsat constellations are receiving
considerable attention by industry,
governmental Agencies and commercial
carriers. Their potential for strategic
communications is well understood by
military planners, which contributed to
the fast spinoff of major projects being
undertaken by some American system houses.
Less well perceived are the 1lightsats
capabilities for remote sensing and
observation tasks for both civil and
defense uses. In 1990 , anticipating the
need for new and unconventional solutions
to observation satellites, Alenia Spazio
started an internal study addressing the
feasibility of small SAR satellites,
stressing the achievement of high
resolutions and short revisit intervals.
The ‘91 Gulf War provided further stimuli
in that direction, reinforced by the
world-wide trend concerning space and
defence budget allocations. First results
were published in (1]. Since then, further
work on system architectures and trade
offs has been performed, concentrating on
military applications and the near-term
feasibility with available technologies,
thus avoiding long and costly new
developments. This paper reviews some of
the most recent results achieved so far.

00131 Rome, Italy

2. SAR_OBSERVATION MISSIONS

SAR sensors operational value comes from
their independence from time cf the day
and clouds cover. Achievable ground
resolutions, swaths and access angles are
comparable to those ot panchromatic
optical sensors. Hevertheless SARs respond
differently to the physical features of
the observed scene: this may be exploited
to enhance certain target characteristics.
SAR and optical satellites can therefore
complement each other,

However, in a tactical scenario, where
weather and time-of-day independence of
the observations are a premiun factor, SAR
satellites outpertform the optical ones
from an operational viewpolnt.

In addition, constellatiocns of SAR
satellites can coffer performance
unmatched by larger spacecraft flown
individually, such as inherent redundancy,
more frequent revisits and an easier
access to in-orbit resources. If SAR
sensors can be flown on lightsats the
total system cost can be considerably
reduced, while achieving more flexibility
in deploying and managing then.

2.1. System configuration alternatives

We will discuss representative missions
stressing the hi-resolution ones for
defense applications. SAR lightsats can be
launcheu on-demand, for short duration
observation tasks over specific areas, in
the event of geoc-political or military
crises. Alternatively, long duration
missions with lightsats constellations can
be envisaged to perform continuous
observations within a given latitude
belt.

The cost-effectiveness of short duration
missions is nevertheless questionable,
considering the need for a permanent
ground infrastructure which has to be
operated and maintained anyway, and the
satellite and launch costs which are
poorly amortized. Permanent constellations
can, 1instead, offer even better global
performance at a higher initial cost which
is however amortized over 3 nuch longer
service period. Furthermore, a permanent
constellation can provide shorter revisit
intervals and, outside crises periods,
strategic observation services as well as
remote sensing functions for government
and public use, with specific reference to
post-disaster damage assessment. We will
thus concentrate, in the following, on
lightsat constellations.
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2.2. Requirements overview

An increasingly important requirement

concerns the revisit interval with which
military relevant sites must be observed:
typical values from few days to 24 hours
apply mainly to fixed assets. Observing
targets variable in time or space
requires, however, much shorter revisit
intervals, of the order of few hours.

Concerning ground
sufficient for
cases
relevant
Tactical
better

resolution, 5 m are
detection, and in some
recognition, of strategically
fixed or Iow-mobility assets.
applications neead, however,
resolutions down to 2 m or less.

The swath width , or instantaneous field
of view, must be commensurate to the
theater: 29 to 40 Km , depending from the
ground resolution, are 1ikely values. The

SWwath nust also be electronically
repositioned inside the access angle,
providing a high operational flexibility

in gathering SAR images of selected spots
during satellites’ overpasses. Wide access
angles are instrumental to secure a
coverage without 'holes’ and to mininize
the constellation’s satellites number.

Time delay minimization between a ragquest
for data and its availability t» the end-
user is of utmost importarce, specially in
a tactical situation. Direct access to the
satellites, during sites overpasses,
followed by lccal data processing and
interpretation by multiple data stations
deployed 1in the theater, are seen as an
effective answer to such needs.

scenario there is the
additional requirement of being able to
observe distant sites with a short
turnaround time. Relaying imagery data via
a Data Relay Satellite network is the most
logical and performant sclution to the
problem.

In a strategic

3. CONSTELLATIONS DESIGN CRITERIA

We must distinguish between systems aimed
at providing a global Earth coverage and
those intended to cover a narrower
latitude belt around the equator.

As a matter of fact, most Countries where
political instability is expected to occur
also in future are included in the 50° N
to 50° S latitude belt: which may justify
tailored constellations.

3.1. Constellations for global coverage

A modular solution consists in injecting N
equispaced lightsats in single plane sun-

synchronous orbits; the SAR can be
provided with just one or two antennas
looking on both sides of the flight path.

Multiple equispaced orbital planes can
cope with very stringent revisit interval
requirements, i.e. less than 12 hours.

3.1.1. LLightsat Constellations with one-
antenna SARS

The capability of a SAR to image target
areas inside a wide earth strip 18
proporticnal to the access angle, defined
Py the minimum and maximum SAR off-nadir
angles. The constellation design criteria
should provide for a contiquous  earth
coverage, within the above constraints. To

this end, the f{undamental interval is
divided 1into N subintervals whose width
corresponds to the SAR antenna access

angle projected conto the eguator. If the
minimum and nmaximum off-nadair angles
satisfy the constraints ot Fig. 3.1l.1.,
then the strips accessible to the N
satellites will be contigucus.

Fig. 3.1.1. SYSTEM GEOMETRY
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In one orbit pericd, the N satellites will
have covered an Earth slice as wide as the
fundamental interval, and the cycle will
repeat providing a c¢ontinuous Larth
coverage up to a latitude clocse to the
sunsynchronous orbit inclination.

With the constraint of keeping the
minimum and maximum off-nadir angles close
to 20° and 50° respectively, the number of
satellites N depends from the orbit
altitude and access angle, as shown in
Fig.3.1.2. and Table 3.1l.1.
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orbit N* satell. Delay between
height (Km} per plane two S/C passes(*)

272-360 10 18.3~20.5 min

360-460 8 22.9-23.4 "

460~700 6 31.2-32.6 ¢

> 700 4 > 49.5

(*) for two=-antenna SARs

Table 3.1.1. Satellites number vs.
orkit altitude

With this arrangement, the concept of
repeat cycle looses partly its meaning: in
other words since a contiguous earth
coverage can be achieved dayly and SARs
are not sensitive to sun illumination
conditions, orbit repeat cycles of 1,2,3
or more days can be chosen. This provides
orbit

more freedom in choosing the

altitude, which is a critical factor for
SAR dimensioning due to lightsats power
limitations. On the other hand, the
variability of the incidence angle, with

which a site can be observed during
subsequent days in the repeat cycle, may
be considered a positive feature in view
of the possibility of implementing a slow
sampling rate incidence angle diversity
system, which may enhance the recognition
of fixed assets.

Since SARs can operate day and night, the
one-orbit plane conlilguration achieves a
nominal 12 hours revisit interval over
most sites. If revisit intervals shorter
than 12 hours are required, M equispaced
orbit planes can be implemented, and the

average revisit interval will be 12/M
bours. The price to be paid is an M-fold
increase in the satellites number.

N .-
~ o

48

24
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. |

Tise 0! passes v latitude Latitude, deg
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Revistt in*arvals vs lattitude Latitude. deg
Fig. 3.1 3 A-satelltitas aingle plans constsilation
Sunsynchronous arblt, 362 Km altitude; right antenna

The constellation design criteria were
verified through extensive computer
simulations. Results for an 8 equispaced,
single plane, satellite constellation in a
362 Km sun-synchronous orbit are shown in
Fig.3.1.3. for a SAR antenna looking to
the right of the flight direction.
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Installing the SAR antenna on the left
side decreases slightly the maximum
observable latitudes, a feature common to
all retrograde orbits. Ffig. 3.1.7, also
shows the revisit intervals vs. latitude:
the 12 hours value is confirmed, with
minor .:vidtions above 60° due to the
inclination of the orbit plane combined
with the orientation of the SAR antenna,

3.1.2 Lightsat Constellations with two-
antennas SARs
The system geometry in Fig. 3.1.1. is such

that the
between,
equator,

access angles, and the gap 1in
subtend identical arcs on the
corresponding to 1/Nth of the
fundamental interval. After 1/Nth of the
orbit period, the previocusly unaccessible
strip is now visible by the 2nd satellite:
after 2/Nth of the orbit period, the strip
accessed by the left antenna on the 1ist
satellite is now visible by the right
antenna on the third satellite. Each strip
can be, thus, accessed twice by different
satellites with a time delay of 2/N of an
orbit period: see Table 3.1.1. In summary,
the presence of two antennas does not
change the number of satellites required

to achleve a contiguous Earth coverage,
but allows looking at the same target with
different incidence angles after a rather
short time delay. This allows implementing
a tast sampling rate incidence angle
diversity system, for target detection and
recognition enhancement purpcses. Besides,
target shadowing effects will be lessened,
since the same area can be observed fron
both right and left directions. With a

two-antenna SAR payload, sterec SAR
imaging in lateral vision could be
ultimately implemented, provided that
suitable processing techniques will be
developed.

3.2. Constellations for reduced latitude
belt coverage

Observation systems tor limited latitude
belt coverage exploit the characteristics

medium Inclination non sun-
This is possible due

of low to
synchronous orbits.

to the SAR indipendence from sun
illumination conditions. Low orbit
inclinations give several advantages.
First, the number of satellites required
to contiguously cover the fundamental

interval is less than with sun-synchronous

orbits. This 1is shown in Table 3.2.1.
repeat/ 1inclin. height N° Sat.
orbits (°) (Km) per plane
1/15 30 482.1 )
" " 40 488.4 4
"nom 50 496 5
2/31 30 328.4 5
" " 40 334.4 )
" " 50 342.7 7
3/46 30 378.9 4
non 40 384.9 S
wom 50 392.9 6

Table 3.2.1., Non sunsynchronous orbits
constellations: satellites
vs. altitude and inclination
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giving the number of satellites per plane
vs. the orbit inclination and altitude,
with the additional constraint of minimum
and maximum off-nadir angles of 20°* and
50°.

latitudes close to the orbit
inclination the grouad tracks are denser
and move east-west instead of north-
south. This feature may be very usefull in
Certain regional scenarios.

Second, at

However, if all satellites are in the samg

plane there will bke a clustering of
revisits every 24 hours. To achieve an
even spreading of the revisits trough the
day, it is essential to redistribute the
satellites in M orbital planes, with a
proper phasing (right ascension and
satellites’ true anomaly). An example of
application was presented in (1] and is

also mentioned in a companion paper [2].

Third, one may combine orbital planes
having different inclinaticns and same
fundamental. Coverage continuity needs a
proper phasing of satellites orbital
parameters, achieving also a reduction of
the revisit intervals at latitudes
corresponding to each orbit plane
inclination. This approach reduces the
spread in the average revisit intervals,
typical of constellations with one orbit
plane inclination only.

3.3. Impact of orbit plane orientation on
lightsats design

The orbit plane orientation plays a
fundamental role in lightsat design.
Single plane down-dusk sunsynchronous
orbits are very convenient for SAR
satellites: infact fixed solar arrays may
be used since they are always illuminated
by the sun. This facilitates continuous
SAR operation, unrestrained by batteries
capacity. Solar array wings are parallel
to the orbit plane minimizing the
drag effect. One side of the spacecraft is
always exposed to cold space providing an
ideal heat sink for thermal control.

Multiple planes sunsynchronous orbits can
be oriented symmetrically w.r.t. the 6 AM-
6 PM plane implying sun-tracking solar
arrays. Earth shadowing for about 50% of
the orbit will, anyway, result requiring
to support the SAR operation from on-board

batteries. Besides, the variable sun
vector incidence on the satellite, during
the orbit, complicates the thermal

control. Nevertheless the sunsynchronicity
and system symmetry , the latter only in
case of an even number of orbit planes,
will help in controlling the growth in
system complexity.

This will not be so in case of non-
sunsynchronous inclined orbits. The dayly
nodal shift will cause a slow motion of
the orbit plane w.r.t. the sun vector. The
system design must, then, cope with
orbital period time-varying phenomena as
well as with slowly changing ones.

Thi; may considerably affect the satellite
deSLgn, SAR operation and mission
planning. With medium inclination orbits,

the solar array design becomes even rore
critical, vreguiring a z-DOF  sun-tracking
mechanism. The necessity !or ceontinuous
splar wings reorientaticn will cause a
time-changing satellite cross-section
adding another variable to the preblem of
drag compensation. Hesides, variable
external torques may i1mpact the satellite
attitude centrol, specially at low
altitudes. The thermal control also
becomes more <critical due to  the full
variability of environmental conditions.

In summary the complexity and cost ot SAR
lightsats increases going from down-dusk
to multiple planes sunsynchronocus orbits
and, eventually, to single or multiple
inclined non sunsynchronous corbits. The
increased satellite complexity necesarily
reduces the payload accomedation
capability for the same launch rmass. These

considerations must be borne in mind when
evaluating the mission benefits of wvarious
orbit alternatives.

4. SAR-CARRYING LIGHTSATS

4.1, Capabilities «and_l!initarions of
lightsats '

The design of a SAR-carrying iightsat nust
follow a bottcm-up apprcach starting tron
a set ot constraints and detining which
performance can ve reascnably achieved, A
lightsat carrying a ZAR sensar for
professional wuses cannot ke %too small:; a
500 to 800 X1 launch mass range was
chosen, being within the tnjection
capabilities, in LEQ, =of several planned
small launch vehilcles. for a 5 vyears
lifetime, drag compensation ig the
dominant factor in sizing the propulsion
system. A companicen paper '3 shows that,
tor long mission luratiens, electric
propulsion is mandatory to keep the
propellant mass within 100 Kg at very low
altitudes. The assccrated oC power
consumption must be considered in
satellite power plant sizing.

The SAR antenna cannct bte too large: when
folded and stowed 1t must fit the limited
volume inside the shroud envelope: its
mass and area must be compatible with the
attitude control capabilities and should
not contribute significantly to drag. An
antenna lenght of 6 m and a width of 1.5 m
were defined as upper bounds.

The SAR will normally operate for a
fraction of the orbit periecd, so that two
parameters are of concern: the average
energy per orbit and the reguired peak
power. Both increase with orbit height,
therefore SAR-carrying lightsats must
preferably fly rather low.

The average energy <¢ollected by *he

lightsat depends from the chosen orbit
plane orientation w.r.t the Sur.,
Typically, it «can be in the 0.7 to 1.8
KWh/orbit range. Considering the energy

consumed by essential platform functions,
that available to payload is between 0.5
and 1.3 KWh/orbit.




For a typical 20% operating duty, a SaR DC
peak power consumption of 1.5 to 4 KW

could be fitted from pure onaergy
considerations. Nevertheless, this would
1mply to rely heavily on batteries. More

conservatively, a DC power to SAR
allocation in the 0.5 to 1.5 KW range was
retained for system trade~offs. Concerning
data rates, an upper technology bound of
200 Mbit/sec. was also assumed. In view of
the above, a SAR payload mass allocation
in the 150 to 250 Kg range results, for a
500 to 800 Kg spacecraft launch mnasc
range.

4.2. SAR SENSORS FOR LIGHTSATS

We review the main trade-cffs impacting
the SAR design in presence of constraints.

The SAR will normally operate in the
STRIPMAP mode: the swath will ce
electronically repositioned, inside the
access angle, by beam steering in the

elevation plane only. This operating rode
was found to be adequate for the intended

high resolution missions, given the
lightsats constraints. Gther SAR operating
modes, such as SCANSAR, are alsc :vallable
1f required by the mission,

4.2.1 Image interpretation, target
characteristics, and S/N

For extended targets high resolution

images in*erpretation is more related to
pixel size than to radiometric resolution.
A single look S/N of 5 dB was choser for
S&R dimensioning. SAR cperating at
different frequencies respond differently
to the physical characteristics of the
Earth surface, in terms of backscattering
coefficient vs. the incidence angle. For
the same backscatter coefficients and
swath width the average transmitted RF
power increases fourfold from S to X band.
Nevertheless the average backscatter from
typical ground surfaces also increase by 6
dB from S to X band, so that the two
effects compensate and it could be
poss1ble, 1in principle, ¢to transmit the
same power at both kands. For discrete
targets, however, the determining factor
is the contrast ratio against the speckled
clutter The relative merits of X vs. S
band are still unresolved due to the large
variety of possible scenarios and the

scarcity of experimental data at X band.
Assumimg fregquency independent target
Radar Cross Sections, the SAR should be
designed for the same S/N indipendently

from fregquency. This criterion results in
an increase of the transmitted RF power
with the operating fi2quency, penalizing
the X~band choice. In the following
reference is made to a sigma-nought of -195
4B independent from frequency and off-
radir angles.

w55 angle,

4.2.2. Frequency choice,

and resolution

In sizing the SAR access angle, too Jlow
off-nadir angle values should be avoided,
not to look at targets with near vertical
incidence. Too large values should also be
avoided to reuuce shadowing effects and
excessive image distorsions.
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Besides these qualitative wconsiderations
more precise limits are et by both
regulatory and lightsats  accommedation

restr: ints, The upper value impacts the
transverse antenna dimensions, 4s shown in
Fig.4.2.1. showing the antenna width vs.
the maximun off-nadir ang‘e, operating
frequency and spacecraft altitude T

swath ratio H/Sw.
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Fig. .2.1. Antenna width vs. freguency
band, maxinum off-nadir angle and H/Sw
ratio.

This Figure shows that, at X-bkand, a 50
off-nadir angle 11s both feasible and
compatible with the assuned artenna

constraints even increasing the H/Sw ratio
to 20 (e g.: H=5%00 Km a.d Sw=25% Kn).

At C-band, one has to superiorly limit the

maximum off-nadir angle to about 40°,
loosing in coverage; alternatively a
maximum H, 'Sw ratio of about 12 could be
chosen implying however an altitude ot

only 300 Km for a 25 Km swath.
S-band antennas can hardly be accomodated

on  lightsats at all ctf-nadir angles and
orbit heights.
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Fig. 4.2.2. Chirp bandwidth vs.
resolution and off-nadir angle.
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The lower bound of the off-nadir angle is
determined by the S$AR chirp bandwidth, as
shown in Fig.4.2.2. for range resolutions
between 2 and 5 m.

The instantaneous S$AR bandwidth must be
compatible with international bandwidth
allocations for Radar systems operating in
the variocus frequency bands. [t turns out
that, considering the 100 Mhz bandwidth
allocation for C-band space radars, a 5 m.

range vesolution limit must be accepted,
or a severe restriction in the mininun
offnadir angle to about 40° would result,

impacting negatively the coverage or the
number of satellites in the constellation.
On the other hand, a 2 m range resolution
at 20° minimum offnadir angle is
compatible with both X and S-band choicns,
since bandwiths of respectively 300 and
200 MHz are available for this service.

Azimuth resolution, in the SAR stripmap
mode, depends from antenna lenght and
looks number. It is between 2 and 3 m for
antenna lenghts in the 4-6 m range, with 1
look. The situation is summarized in Table
4.2.1. #hich identifies two possible
system alternatives:

- a medium~high resolution C-band SAR for

constellations in low to medium altitude
orbits;
- a high resolution X-band SAR, for

constellations in medium altitude orbits.
The S~band alternative is rejected being

incompatible with typical lightsat
accommodation constraints.
Freg. Avail. Range Azin. Maximum
band BW resol. resol. H/Sw
{MHZ) (m) (m) (*)

S 200 2 2-3 < 20

C <100 5 2-3 < 12

X 300 2 2-3 not compatib.

(*) at 50" off~-nadir, Nlooks=1

Table 4.2.1. Impact of frequency band and
lightsats ccnstraints on SAR
feasibility

4.2.3 X-band SAR: Swath, data rates, and
RF power

This section focuses on X band SAR trade-
offs. The swath, off-nadir angles,
resolution, pulse lenght, orbit height,
and average RF power are closely
interrelated.

At a medium altitude of 360 Km and maximum
off-nadir angle of 50°, achievable swaths
and averaqge RF powers VS. ground
resolution and pulse lenght are plotted in
Fig. 4.2.3. Increasing the pulse lenght
one lcoses in swath width but peak powers
decrease tco. More specifically for pulse

lenght greater than 20 microsec. peak
powers below 1 KW are feasible, while
below 15 microseconds multikilowatt peak
power levels result, impacting HPA

technology choice and reliability.

Jebit neignt 360 Xe

watt

buarage HF Lower
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£ L 3

swsth width, Xe

Fig. 4.2.3. Average transmitied RF power
vs. swath width, azimuth resoluticn and
pulse lenght.
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Fig. 4.2.4. Data rate vs. swath width,
azimuth resolution and pulse lenght.
Orbit height: 360 Km; off-nadir angle: 50°

Fig. 4.2.4. shows how the data rate varies
with swath and ground resolution, issuming
to transmit 4 bits/sample, s is felt
to be adequate for most tactical SAR
imaging applications. The data rate
increases with swath and even more rapidly
with ground resolution, and is therefore a
limiting factor for such satellite
systems. The assumed 200 Mbit/sec upper
bound is compatible with a 20 Km swath at
2 m resolution, or a 35 Km swath at 2.5 m
resolution. Lower data rates would inmply
narrower swaths, and viceversa.




The average RF power increases atso with
orbit altitude, see Table V.2.2.

Grbit alt.,  Swath ngdth(hm)/xesolutx n(n;

(Km) 40/3 30725 5,
) 5.8 3.6 sl ”
160 84.6 31.8 56.7
$60 108 104 12.h
560 127 123 88.3
660 157 143 101

Table 4.2.2. Average transmiltted RF pow
vS. orbit altxtude, swWwath ¢nd
resolution at 50° ottf-padir.

This confirms the desire tor tlying UARS
at  rather low altitudes, <onmpatibly with
coverage and revisits goals. Once the

swath is <chosen 1t 15 kKept JcConstant,
independently fron its repositicning
inside the access angle, and so is the
peak power tor ocbvious hardware

constraints. However, from 50" tc 20’ ott-
nadir, the antenna beam in the elevation
plane sust  be breadened to cover  the
swath. As a result the pulse duraticn must
ce araduailv n ‘ed4ed to  reocover v

amproadening lossecs. hus
”ajlr, the average ;~(n5ﬂ1tt
~2ll as the absorbed DC powe
1.3 times that at 50" ntff-nad
Sther GAR noedes  can Le rTploerented
according to mlssion needs, ctrading ottt

geometric with radiometric resoluticns
(multi-look modes), or ai.muth resoluticn
with swath widths (  SCANSAR rode), or

ranae resolution  with averaae cower,
adaptively «changing the <hirg o nawidtn
and peak puise power and,or rulse
juraticen.  The onacecratt desian 18 anyway
determnined by the most lemanding nhi-

esolution tashks.

C-band SAR *.rade-offs results

Parametric evaluations were also perfornmed
at C-pand, achileving similar results :n
rerms  of swath widths, which are anyway
superiorly limited by the antenna width.

Substantliaily lower RF average transmitted
powers, as well as DC power requirements,
are needed consistently with the lower
range resolution feasible at C-band. A
SCANSAR node would equalize the azinuth

and range resolutions while nearly
doubling the width of the imaged groand
strip N.T.T. a hi-resolution X=pand
implementacion. In this way a simple

medium resoluticn SAR could ke implemented
for wide area surveillance tasks.

4.2.4. SAR _antenna reguirements

A& phased array with electrconic scanning in
the elevation plane will position the
swath within the access angle. Besides
vroviding beam steering in a +-15" w.r.t.
the antenna normal, phase control must
also provide beambroadening in the
clevat 'n plane to match antenna beamwidth
to the swath position inside the access
angle.,

Jue Lo the aperture oversis:ng tactor
about P S .oLlninum oftenadir oang
limited beamshapinag :in the e.iovation pl

can be also implemented to cuaualyize
antenna gain through the swarh width,
1gher reamslopes cutside o
LTMPprove rande ambkiguity
particularly important LNCIAenTe
ingles. Besides, nadir d Luppressicn
requlres putting a peam noil v onadar.

Swati w

which
e

P

Achieving such features with gnase controt
anly { constant  amplitude iilumination
weing preterred to reduce antenna width at

maxlioun off-naair sngle)  ray  bpe an
gantrivial task, put o At ¥
pand a passive single fes1an,
ws1ing multipie 5 u;atz
waveaguide : v v}GOYb
Jarryin empedded pne ! & can ke
realiced starting trom AUy 6 en Lut

sampler  design
>t L0 to 12 Farm-2 with
iesses. A propably
ilseo ke implemented at C~pana.

welight
i o33}
legy Can

Tlssnlens

ApRreacnes  were uﬁnazdcrvd: ilrec data
mransnission U0 oground and R ot data
rejlay satellites. .Un boara with
subsequent Jata dump wWas o nc . s1dered
practical and ettective, .sc due o
expected near-tern technoicay fimitations.
1 b]
The 13 partly

attsel . whigh
rendgder irect tr able when
perfcroing DAR s1tes teo

tar apart  (rcm 3 & o1 en.

In a tactical scenar:o. Sowever, Cpposing
forces  are  nernally 4 within a
ide.  Data

circle a teow hundrcd

recelving sta srthin, or
cilose  To, o Can IR OSEATE of 23321
rhe sateilites of the wonsta..:tion during
sverpasses and et real-lire Jdata tor
immediate, on-site, Jgrounid precessing.
Table 3.1.1 summarizes the projected
characteristics t a2 direct trasmission

stl
system at X-band.

** Satellite terminal

- Frequency: £ GHz

- Antenna: mechanical steering, dri
on~-bocard navigat:ion oystem:

- EIRP : 27 dBW (Ant. yin:.; 4

T pwri 19 Wis

- Data rate: up to 200 ¥bit. ged:

- Modul./coding: OP3K/ - & B coding gain;

- Mass and DC power: 10 Kag, 0 W

*% Recelving Station

- Antenna: transportable, with tracking:

- G/T: 16 dB/K° (Ant, dianm.: 1.8 @)

~ Slant range: up to 2400 ¥nm:

- system margin: - 3 JdB

CITiTT Direct Uata trancmission to
ground: Systen portormRance
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For a single plane sun-synchronous orbit
constellation, meeting the design criteria
discussed in 3.1.1,. rhe accessible area
from the satellite passes in visibility of
a data receiving station has been
parametrically evaluated for a nminimum
elevation angle above the horizon of 5°,
It must be noted that the abcve area can
be accessed two times per day and per
orbit plane: multiple orbital planes
constellations will 1increase the dayly
number of such ‘events’. Table 5.1.2.
shows the number of usefull satellite
passes and tctal accessible area vs. orbit
altitude. The total available access time
is between 2500 to 3100 sec., per ‘event’,
during which 500 to 600 images <typically
20 by 30 km wide, could be made available
to the data station. Such values may,
obviously, be reduced due to real-time
ground processing limitations.

orbit Number of Accessible Total

altitude satellite area access
(Km) passes {106 Km~2) time(s)
268 10 4.9 2500
362 9 7.6 to
460 7 9.8 3100

Table 5.1.2. Direct transmission to ground
mission related performance

5.2. Data transmission via Data Relay
Satellites

For strategic observations over sites not
in direct visibility of ground statioens,
the use of a DRS network will be a cost-
effective and performant solution. Our

studies have shown that , in view of the
severe lightsats volume and mass
limitations, Inter-Orbit Links should

preferably be carried out at 60 CHz.
Efficient coding schemes providing > 4 dB
coding gain must also be used to further
decrease antenna size and power
requirements on both user terminal and
Data Relay Satellite. The DRS repeater
will feature onboard aemodulation-
remodulation, while decoding is performed
on ground.

Table 5.2.1. outlines the key
characteristics of a DRS transmission
system based on 60 GHz user-to-DRS links
and the 20 GHz band for DRS-to-ground
links.

*% Satellite terminal:
~ Frequency: 60 GHz band
-~ EIRP: 57.5 dBW (1.5" ant.diam.:
10 W T¥ pwr)
- Mod./coding: QPSK/ >4 dB coding gain;
- Data rate: up to 200 Mbit/sec.;
- Mass and DC power: 15 Kg, 70 W
** DRS payload:
- Frequencies: 60 GHz Rx; 20 GHz Tx;
- G/T: 33 dB (2.1 m ant.diam. at 60 GHz):
- EIRP: 56 dBW (1 m Tx ant.);
** Data Station:
- G/T : 27 dB/K" (12" ant.diam.):
- S8lant range: to synchronous orbit;
~ System margin: > 8 4B

Table 5.2.1. Data transfer to ground via
Data Relay Satellites

6, PLATFORM DESIGN KEQUIREMENTS

To complete this covervie~s on lightsat
constellations, the gsatellites control
aspects and the main plattform design
considerations ire addressed  1in the
following.

6.1 Orbit centrol

Accurate orbit control (o important  for
two reasons:

- to take images of specitic targets, when
the satellite is not directly visible from
ground, according to preloaded time-
reiated instructions. Cencerning this
point a positional error contribution of
up to 0.3 to 0.5 Km could be tolerated,
which will decrease the effective imaged
area by less than 5 percent. Accurate

orbit keeping, in presence of drag and
other external forces, 1s mandatory to
avoid coverage qaps due te differential
lags between satellites of the

constellation, and may be implemented with

electrical propulsion on long duration
missions. Orbit keeping 1in a tight
altitude deadband reguires thrust
modulation which will beneti1t from the
presence of an autonomous navigatien
system. However long lifetime operation
of electric thrusters has to be
demonstrated.

-To support removal cf satellite orbital
position related errors durinhg ground
image processing. For high resclution X«
band SAR imaging, the tolerable error 1in
the orbit position estimate is in the
range of 300 m, above which SAR imaging
degradations will occur.

Implementing a GPS-bkased autonomous
navigation syste may achleve a real-time
three dimensional orbital position

restitution with 100 to 200 n accuracy,
thus meeting the above requirements,

6.2 Attitude control

Spacecraft attitude control impacts two
performance:

- the accuracy with which the swath can be
positioned inside the access angle;

~ the gquality of SAR images after ground
processing.

It is important to distinguish between
attitude control and attitude restitution.
with SAR electronic beam repointing,
satellite attitude errors in roll affect
mainly the swath positioning and can be
partly corrected if the rcll attitiwde is
known with a better accuracy than the
spacecraft attutude control. Yaw and pitch
attitude errors impact the image quality
and must be strictly controlled. If their
restitution is known with an accuracy 3 to
5 times better than their control, error
removal during ground processing will be
easier. Under these assumptions, a 0.1°
attitude error in roll control and less
than 0.08* in pitch and yaw control can be
set as reasonable goals.



Nevertheless high frequency attitude error
components, as might be induced by
flexible appendages subjected to transient
forces, must be minimized due to the bad
effect they may have on image quality.

6.3 Spacecraft platform requirements

We outline some platform subsystems design
aspects most rejlevant to SAR performance
and operation.

Low orbit altitudes will require electric
propulsion, which must be considered an
enabling technology ({3) for these SAR
lightsats missions, as already discussed.
Nevertheless, flying satellites at low
altitude has also positive effects, in
particular concerning the more benign
environment [5].

The structure design, from
conventional, should adopt a highly
integrated approach where a truss frame
utilizes important SAR payload components,
like the antenna or big boxes, as part of
the structure itself, in order to save
mass. Since the bulk ot the heat s
produced by the SAR HPA, heat rejecticn
should be by direct radiation tc space as
far as practical: thils 1s certainly easler
on down-dusk orbits.

departing

The solar array design is strongly
dependent upon the SAR payload operating
duty. Infact, since the SAR will normally

operate for short intervals totalling 5 to
10 % of the orbit period, payload supply
can normally be from battery, the solar
array serving mainly for battery
recharging. The orbit plane choice, and
the percentage of time spent in Earth-
shadow per orbit period, will also impact
the solar array sizing to provide the
required energy. Besides, electric
propulsion DC power reguirements, will
also increase the solar array sizing.
Accordingly, the scolar array type may
range from a fixed wings configuration,
suitable for satellites in sunsynchronous
down-dusk orbits, to a sun-tracking
configuration for spacecraft in low to

medium inclination orbits.
on the above grounds, long lifetinme
operation of mass-efficient batteries,

subjected to rather deep and periodic (up
to 30000) discharge-recharge cycles is an

oustanding issue for such L.E.O.
observation lightsats equipped with SAR
sensors.

Spacecraft telecommand must be secure, and
possibly jam-proof, tc avoid unauthorized

entries to the satellite system. Data
encryption must be also implemented, in
spacecraft telemetry and SAR data
transmission to ground, to prevent

eavesdropping by unauthorized users.

7. CONCLUSICONS

Lightsats in the %00 to 200 Kg range o<un

carry SAR sensors tor high reselution (&
te 3 m), short revisit :nterval, tactical
observation nmissions. Medium resoiution
{order of % m} nissions, for strateglc
and, in general, international law-
enforcement applications, are also
feasible. Such spacecratft c¢an form

permanent constellations of, typically, ¢
to 8 satellites per orbit plane to provide

global coverage. Multiple crbit planes
constellations can offer enhanced
performance, allowing algo  a  gradual
system bulld-up. Smaller constellations
of 4 rto 6  spacecralt <an  be aiss
implemented to cover a narrcwer latitude
belt around the equator, while
significantly 1Mproving the average
revisit intervals at sites <lcse to the

orbits inclinations.

In summary, SAR lightsats <onstellations
can offer certaln pertormance unmatched by

existing, or planned, single and larger
skbservaticn  satell:ites and can provide a
valuable  answer to gpecitic  cperat:ignal
military needs 1N poth  rtacticail and
ctrategic BCEenarics. The regquired
technologles ax1c%, with tew oxcepricns

needing an early in-orbit deronstratien ot
devices being now develcped. levertheless,
advances in  tew :lelds will certainily
penefit future generation lightsats.
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Abstract

The payload concept covered by this
paper 1s that of a low cost, high
pertormance radar sensor capable of
detecting and recognising static objects
within an imaged scene of the Earth’s
surface using the Synthetic Aperture
Radar (SAR% technique . The overall
system is integrated with a TACSAT
platform in Low Earth Orbit (LEO) and.
although only passing reference is made
to this feature in the paper, the radar
could also have a capability for the
detection of Ground Moving Targets
(GMTI).

The paper provides a parametric review
of such a sensor in the light of the target
and background features to be observed.
A design concept is included showing the
possible hardware realisation of a
candidate system, as well as budgets for
the mass, size, power and pointing
requirements of the instrument.
Additional design features considered are
the influence that short duration missions
may have on hardware redundancy and
the effect of short, low duty-cycle
observation periods on solar array and
battery sizing.

The paper concludes by pointing the way
towards a low cost R and D demonstrator
system allowing a practical investigation
of the key techniques and technolog.es.

1 Introduction

As a result of the recent UK ASTOR
programme and the deployment of US
systems such as JSTARS and ASARS, the
ability to combine information derived

from high resolution imaging radars

Worcs, WR 14 3PS
United Kingdom
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together with the detection ot ground
moving targets has been demonstrated to
afford an extremely valuable Military
capability. As a consequence there is
continued development of these systems
together with refinemenis in their
operational deployment and usage.

owever, a number of restrictions exist in
the depioyment of these systems
associated with their maximum operating
range. The maximum operating range is
governed by the height at which the
platform can fly, so for example a radar
on an aircraft with a ceiling height of
30,000 feet wiil onlv be able to operate
out to about 250 Km before grazing
incidence is reached. This limitation can
be removed by placing the sensor in a
space-based platform. In order to
maxtmise the military utility of the
information produced by the instrument
and to allow recognition of targets, a
design goal of 1m has been assumed for
spatial resolution.

The potential advantages of extensive,
unrestricted fields of view afforded by
space based sensors makes then extremely
attractive for wide area Military
surveillance and hence worthy of further
attention, particularly with a view to
replacing airborne systems (although it
should be recognised that there are a
number of inherent technical difficulties
in designing a spaceborne system that has
similar sensor capabilities).

Large areas of the Earth's surtace can be
observed on a periodic basis and more
detailed information may be obtained by
dwelling on selected areas. Radar also has
the added advantage of all weather
day/night operation. Recently imaging
radars (SAR) have begun to demonstrate
the capability achievable from
space-based systems but use relatively
heavy platforms (eg ERS-1 weighs 1275
Kg although it contains 4 other sensors as
well as the SAR) and hence require large
and costly launch systems and
infra-structures. Further they have
relatively poor resolutions (eg ERS-1 is
approximately 30m) making them
unsuitable for most Militarv applications
and have no inherent capability for the
detection of ground moving targets.

[t is, however, possible to conceive SAR
sensors for integration with various forms
of small satellite platform and depending
on the type of platform used to carry the
sensor, different options exist for its




launch. With one option, the satellite
could be launched under the control of a
Military commander from a mobile,
low-cost launch vehicle. With another, the
satellite can be launched by a major
launch vehicle. for instance in conjunction
with the launch of a major payload
making use of residual mass capability.
These options potentially would allow the
sensor to perform both a short term
tactical role, including the replacement of
damaged or destroyed satellites in times
of conflict, and a longer term strategic
role whose tasks might also include
training of users of these highly flexible
systems.

The small size and low mass of the
satellite and sensor systems considered in
this paper will result in significant cost
savings making the deployment of
constellations of sateilites very much
more attractive, This has the further
advantage of reducing revisit times and
consequently providing information not
otherwise available from any other
source, and of improving system
survivability. In the next section some of
the options for a senmsor concept are
described. This is followed by a
consideration of system aspects and cost
and schedule drivers.

2 Impacts of a Potential TACSAT SAR
Mission on Satellite Design

2.1 A Potential TACSAT SAR Mission

The TACSAT mission is one which is
associated with a Theatre conflict where
the Theatre is defined as being a region
measuring some 2000km by 2000km and
the duration of the conflict is anticipated
as being relatively short, typically of
months, rather than weeks or years.
Although areas of political and military
risk can lie at any latitude, the ending of
the Cold War suggests that if there were
to be such a Theatre conflict, then its
occurrence in the lower latitude regions,
rather than the more Northerly latitudes,
seems more likely.

The mission envisaged for a TACSAT
SAR 1s to provide the Theatre
Commander with a dedicated service
yielding surveillance data only over the
crisis area. In this paper, the dedicated
nature of the TACSAT mission has been
taken to mean that the Theatre

Commander has total control over the
satellite so that the satellite will not be
made available to provide surveillance
over any region other than this Crisis area,
Depending on the particular operational
philosophy, satellite control might be
exercised either directly from within the
Theatre, or remotely using global control
sKstems but under the primary control of
the Theatre Commander.

Finally, the dedicated nature of the
service proposed for the TACSAT SAR
facilitates some interesting departures
from the system thinking associated with
global space surveillance concepts: these
departures influence the choice of orbit,
the spacecraft bus design, and the basic
sensor design.

2.2 Orbit Parameters

The expectation of a Theatre location
away from the Northern latitudes invites
consideration of orbits of a smaller
inclination than the polar sun-
synchronous orbit which is characteristic
of civil remote sensing missions. In
particular, if the chosen operating
philosophy for the TACSAT SAR is one
of launch-on-demand in time of crisis,
then the orbit inclination can be chosen to
maximise viewing opportunities over the
crisis area. If, however, the philosophy is
one of in-orbit storage then an earlier
decision must be made about inclination
because of the large fuel overhead
involved in effecting changes in orbit
inclination. However, even in this latter
case, it may well be appropriate to set the
inclination of the storage orbit so that
coverage is optimised for the smaller
latitude regions. The absence of
sun-synchronism, consequent on the small
orbit inclination, will not present a
particular problem to the radar sensor
which is capable of operating as well by
night as by day.

In addition, the relatively short duration
envisaged for a Theatre conflict allows
serious consideration to be given to orbits
significantly lower than those used for
long duration remote sensing missions:
these lower orbits, perhaps as low as
250km, would be suited to a philosophy of
launch-on-demand. However, although
particularly low orbits are less attractive
for the case of in-orbit storage because of
the short life time which results from




atmospheric drag, it is possible to
conceive two distinct and attractive
patterns of use for a TACSAT using the
philosophy of in-orbit storage.

During the storage period, the TACSAT
can be used for training purposes as well
as for active surveillance service although,
at coarser sensitivity. In the event of crisis,
the potential would exist to reduce the
orbit altitude in order to improve
sensitivity over the operational Theatre. It
is important to note however, that such a
reduction in altitude will not bring
significant advantages in improved spatiai
resolution, and the coverage access
available to the satellite at any one pass
over the Theatre wiil be more limited
than that achievable from a higher orbit.

2.3 Duration of Service

The dedicated nature of the surveillance
required from the satellite means that the
periods during which service is required
are of short duration. Typically, a satellite
in the Low Earth Orbit (LEO) necessary
for SAR operations takes only 5 minutes
to traverse a Theatre measuring 2000km
on the side and with only 2 such passes
likely per day, payload power demands
can readily be met from batteries. The
advantage of this to the platform design is
that relatively small solar arrays can then
be used to collect electrical power and
trickle-charge the batteries during the
prolonged periods of payload inactivity.

2.4 Sensor Design Goals

The design goals for the sensor concept
are shown in Table 1. A major difficulty in
realising a radar design of this
sophistication is the achievement of such
high resolutions and in the
implementation of a phased array antenna
able to operate over such wide
instantaneous bandwidths.

Synthetic Aperture Radar (SAR) is a
sideways looking coherent imaging
technique capable of producing map-like
imagery. SAR employs different
principles for achieving resolution in the
two dimensions of the imagery.
Conventional high resolution radar
techniques such as transmitting a
wideband, long duration pulse and
correctly matching to it on receive are
employed in the dimension perpendicular
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to the satelljte track. Table 2 illustrates
the bandwidths commensurate with
resolutions for a variety of grazing angles.

The limitations on achievable bandwidth
are due to the capabilities of waveform
generators and digitisers aad the
dispersion through the transmit and
receive chains. Current technology
imposes a realistic limit of about 1 GHz.
Unless changes can be agreed, a further
limiting factor will be the current
operating band allocations defined by the
World Advisory Radio Council (WARC)
which impose restrictions of 300 MHz at
X-band (9.6GHz) and 600 MHz at J-band
(13.7GHz). Dispersion in the atmosphere
and ionosphere is not thought to present a
major problem and, if present, the effects
could be removed using techniques
equivalent to autofocus. Overall it is felt
that a resolution of Im at X band is
feasible at a 30° grazing angle.

The synthetic aperture technique is
employed in the dimension parallel to the
satellite track. This invoives the coherent
addition of many pulses to synthesize an
aperture sufficiently long to provide the
desired resolution on the ground. This
synthesis is only possible if the variation in
phase path from the sensor to the target
and back is known to a fraction of the
radar wavelength along the synthetic
aperture. This implies that very accurate
knowledge of the orbital path of the
satellite is required. However, for
resolutions of the order of lm no
measurement method of the orbit gives
sufficient accuracy in realistic timescales.
To surmount this problem it is expected
that autofocus techniques will have to be
employed. These have the added benefit
that they will also automatically correct
for other effects which can alter the phase
path length, such as atmospheric,
ionospheric and gravity perturbations.

3 TACSAT SAR Satellite Concept
3.1 Launch Options

A wide range of current and planned
vehicles is available to members of
NATO, optimised for the launch of
satellites with masses as small as 100kg
and ranging upwards to many tonnes.
Vehicles such as Pegasus and Scout can
lift the lower end of the TACSAT mass
range, around 250kg, into a 500km orbit.
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However, there is a significant gap in
mass-optimised launch capability such
that the next available vehicles are San
Marco Scout and Taurus which, when
developed, will be optimised respectively,
for the launch of satellites of 750 kg and
1200kg into 500km orbit. This gap in
capability of current launchers means
that, while there is not a technical
problem in launching into LEO, satellites
whose mass lies at the upper end of the
TACSAT range, there could be an
appreciable cost penalty if Taurus were
used. Whereas launches on Pegasus and
Scout are priced at $§10M and $18M
respectively, the cost of launching on
Taurus is predicted to be $30M.

An alternative and cheaper approach to
the heavy TACSAT launch issue is to
make use of the "residual mass" capability
often associated with the launch of major
satellites on large launch vehicles.
Residual mass is the mass difference
between that of major satellite and the
maximum launch mass capability of the
proposed launcher. It is anticipated that
satelites will be launched in this way for a
cost of $20k - $30k per kilogram,
depending on launch configuration

It is felt that availability and cost are likely
10 have a major impact on the viability of
TACSAT concepts so that for the heavier
TACSAT:S, the advantage of a residual
mass launch would be considerable.
However, the penalty that associates with
this launch philosophy is that
launch-on-demand is not available.
Therefore with this concept, the
Foss_lbility of designing for short mission
ifetimes is ruled out because the satellite
must be stored in space perhaps in a
higher long life time orbit so that it can be
brought down to operational altitude as
and when an appropriate crisis develops.

As a result of this understanding of the
realities which we perceive as constraints
on the mission, the SAR concept
described in - :is paper is based on use of
the residual mass launch option.

3.2 Platform Options

The accommodation volume available for
a residual mass launch is basically toroidal
and therefore the hus structure proposed
as a platform for the SAR is of toroidal
form. An additional benefit which

accrues from this bus structure is the
potential for launching several satellites
simultaneously from the same launch
vehicle.

The toroidal structure is therefore
capable of providing both an economical
demonstration of the technology through
a residual-mass launch opportunity, and
the potential for launch of a full
constellation via a dedicated launch -
without the need for any satellite redesign
between demonstrator flight and full
constellation.

The outline concept of a SAR mounted
on such a toroidal platform is presented in
Figure 1. Budgets showing the mass and
power demands likely to be associated
with such a satellite are presented in
Table 3.

3.3 SAR Options

Three distinct options of SAR design can
be envisaged to provide a tactical
capability. In order of rising complexity,
these options include, mechanically
steered systems using a single central high
power amplifier (HPA), electronically
steered systems like RADARSAT which
use a single central HPA and ferrite phase
shifters for beam deflection, and
electronically steered systems like the
European ASAR which use fully active
phased array technology to provide
Scansar and Spotlight operating modes.

Of these fundamental design options, two
were considered as candidates for
discussion in this paper, a partial phased
array providing electronic steering only in
the azimuth direction and a fully active
phased array providing both azimuth and
elevation steering.

The case of the potentially simpler, partial

hased array where the elevation steering
is provided only by mechanical pointing
was considered, but it was concluded that
because the time taken to mechanically
repoint the system would be on the order
of minutes, the number of useful Spotlight
imaging opportunities available to the
Theatre Commander would be limited to
a rather small number. When this number
is compared with the much larger number
of such opportunities potentially made
available from a fully active phased array,
there appeared to be a strong case in




favour of the fully active system.

Thus, although neither of these cases has
been analysed quantitatively, it is felt that
the flexibility of coverage and operating
modes which can be derived from active
phased array technology is of such benefit
that its use, even in a small tactical
satellite, verges on the mandatory.
Therefore, the bulk of this paper
concentrates upon this type of sensor but
acknowledges that designs based on
passive antenna technology of the ERS-1
type may be able to provide a more
limited capability but at a smaller mass.

3.4 Platform Orientation

It is envisaged that during the long
periods of inactivity between surveillance
tasks, the platform orientation will be
controlled in order to provide a benign
thermal environment, and that the whole
platform will be rotated when necessary in
order to provide the appropriate viewing
angle, and then returned to the benign
orientation after the short period of active
service.

The technique envisaged to effect the
necessary rotation manoeuvres from
benign to service positions is one of use of
the large torques which can be produced
from control moment gyros. In this
technique, a caged system of at least three
gyros is set up and the angular momenta
of each is established so that the net
angular momentum seen outside the cage
is zero. However, if a torque imposed
from outside the gyro cage tries to repoint
the direction of any of the component
angular momenta (the direction of a gyro
rotation axis), then that torque has to be
considerable and can be used to produce a
strong turning moment on the spacecraft.

A difficulty with this philosophy is that the
vehicle is exposed to a significant thermal
disturbance during the manoeuvre as a
result of solar illumination. However, the
manoeuvre can be designed to be of a
sufficiently short duration that the total
temperature excursion may be limited to
acceptable bounds.

The advantage of this approach to
satellite rotation movements is that
although it calls for electrical energy is
required, such energy can be supplied
indefinitely (via the on-board batteries)
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from the solar array. For this mission,
where many roll manoeuvres are
envisaged and speed is likely to be
important, the approach compares
favourably with the use of cold gas
thrusters which provide a finite life 1o the
total mission.

The advantage of this operational
philosophy is that the manoeuvre enables
the SAR to view regions on either side of
the nadir track. Such an operational
philosophy requires that the whole
satellite including platform, solar arrays,
and SAR antenna, be designed to form a
robust structure with no flimsy
protrusions.

4 TACSAT SAR Sensor Concept and
Performance

The paper has investigated the impact of
different operating modes and the
fundamental SAR parameters on the
performance achievable for a TACSAT
SAR mission. These parameters include,
operating altitude, carrier frequency,
spatial resolution, and possible antenna
structures. However, in order to limit the
scope of the paper, all options have been
based on an assumed antenna area of
6m?. This area is derived from
considerations of viable payloads for
implementation onto a toroidal platform
within the TACSAT mass goal of <
700kg.

The detailed performance of a SAR is
described in this section, specifically for
the single-look capabilities which will
characterise its pertormance in Spotlight
mode, by parameters which include;

* sensitivity expressed in terms of noise
equivalent oy (NEo() and presented
for the worst cases situation which is
associated with the furthest edge of the
available cr verage width

* access coverage width as that distance
from nadir beyond which ambiguities
rise to an unacceptable level

* available swath width for various
operating modes

* spatial resolution in az_imuth and
elevation for various operating modes
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The operating geometry for a TACSAT
SAR is shown in Figure 2 in order to
identify the principal parameters.

4.1 Operating Modes
Spotlight

In order to perform a useful
reconnaissance role, the SAR must be
capable of providing images of specific
target zones such as airfields, harbours,
choke points and railway installations at
the finest possible resolution. This task
calls for Spotlight operation in order to
provide adequate resolution in the
along-track (azimuth) direction and the
provision of this capability is a major
driver in the design of the antenna.

In principle, the azimuth scanning
associated with Spotlight operation can be
provided by mechanical steering of the
antenna. However the difficulties
associated with repeating such mechanical
steering several times during a single pass
over the theatre are believed to be so
great that electronic steering in the
azimuth direction is considered to be
essential.

Steered SAR

In addition, it is envisaged that a
TACSAT SAR may also be required to
provide surveillance over a larger region.
Such cover can readily be provided in the
form of a continuous strip-map using the
conventional Steered SAR mode which
has been characterised by SEASAT,
ERS-1 and the SIR missions.

Scansar

If even wider area coverage is desired,
then the possibility exists of using the
Scansar mode which will be demonstrated
on the RADASAT and ASAR missions.
However, provision of a Scansar
capability relies on the ability to rapidly
redirect the antenna beam in the elevation
direction: such a capability requires the
provision of electronic steering in the
elevation direction.

round Moving Tar
(GMTI)

In this mode, which may be combined
with Scansar, interferometric techniques

Indication

are envisaged as providing detection of
surface targets in motion. The data will be
processed on board so that only the
detections need be down linked back to
the ground data receiving station.
However, it is anticipated that problems
with revisiting may lead to difficuities in
interpretation and thus requires further
research.

4.2 Operating Altitude and RF carrier
Frequency

Access coverage width is fundamentally
limited by system parameters which
include; antenna area, slant range to
ground, RF carrier frequency, and
satellite velocity - although there is no
significant impact from satellite velocity
which changes but little with altitude. For
this case in which antenna area has been
constrained to 6m?, the dominant
arameters are slant range and RF carrier
requency.

The effect of changes in altitude on access
and sensitivity is shown in Figures 3 and 4.
The data are presented for the case of
operation in Spotli?ht mode with an
assumed bandwidth of 300MHz. Although
this bandwidth is characteristic of the
WARC limit at X-band and is in excess of
the allocations at S and C, it is nontheless
interesting to use a single bandwidth in
order to see the fundamental parametric
trends. It is also important to note that
although a mean RF power of 750W is
needed to ensure adequate sensitivity
throughout most of the viewing range,
such high mean powers can be provided
during Spotlight operations by increasing
the duty cycle well beyond the few percent
normally used for wider swath
observations. In this way, peak powers in
the T/R modules can be limited to less
than 4W,

It can be seen that at the lower
frequencies, increasing altitude provides
relatively small improvements in access
capability while at the higher frequencies,
substantial improvements can be realised.
However, in both cases, increasing
altitude significantly degrades sensitivity.
The sensitivity data presented in Figure 4
show the worst case sensitivity; i.e. at the
furthest distance from nadir for which
acceptable ambiguity performance can be
achieved. Data showing the variation of




sensitivity achieved from an altitude of
500km for both C and X band is presented
in Figure S.

A further impact of increasing altitude
can be seen in Figure 6 where the impact
on the across track component of spatial
resolution, range resolution, has been
presented as a tunction of distance from
nadir and operating altitude for a single
RF chirp bandwidth - 300MHz.

lection ing Frequen

In selecting an RF carrier frequency for a
space-borne high resolution military SAR,
several factors must be taken into
account. First, it must be noted that, in
principle, any ground range resolution can
be achieved by provision of a radar
emission pulse of adequate bandwidth -
typical examples are shown in Figure 6 for
the case of 300MHz bandwidth allocation,
but international agreements constrain
the bandwidth allocated to space radars as
indicated in Table 2b. However, although
such agreements might be breached in
times of crisis, the TACSAT mission
concept also includes peacetime use and
for this, adherence to bandwidth
allocations is essential.

The figures presented in Tables 2a and 2b
indicate that only an X or J band system
would be capable of providing a ground
resolution close to 1m, whilst the use of L,
C or Ka band would fail to provide a
ground resolution better than 3m over
most of the grazing angles of interest.

In addition to the international
regulations, other factors affecting the
choice of RF carrier frequency are as
follows;

- the need for the SAR wavelength to be
significantly less than the image
resolution. This is likely to exclude the
use of L-band (0.23m wavelength) for a
system aiming to achieve around 1m
resolution.

- ionospheric dispersio-. This is a
frequency dependent phenomenon
which can cause a significant
degradation in image quality for
frequencies around or below L-band.

A -

it f

- atmospheric dispersion. This is
%enerally, not a problem for
requencies below X-band, but may
degrade image quality at higher
frequencies, e.g. around the water
vapour resonance frequency of 22GHz.

- atmospheric attenuation. This varies
with frequency, becoming more acute
for frequencies above X-band, possibly
ruling out J-band and probably ruling
out Ka-band. However, the attraction
of the very wide bandwidth allocation
at J-band and the associated potential
for very fine spatial resolution may
mitigate in its favour.

- poorer efficiency of solid state power
amplifiers at higher operating
frequencies These factors indicate that
X-band is likely to be an optimum
frequency for very high resoiution
(around Im)military surveillance SAR,
with C or possibly S band representing
a viable alternative providing
somewhat poorer resolution.

4.3 Imaging Capabilities

For the TACSAT SAR mission
considered in this gapcr, target imaging
requirements may be considered to fall
into the following two main categories;

(i) detection and classification of hard
targets, e.g. military vehicles, tanks,
grounded aircraft, ships, etc.

(i) monitoring and change detection for
distributed targets, e.g. airfields,
military camps and installations,
harbours, railway yards, choke
points, etc.

In the former cases, the targets of interest
generally have large radar cross sections
relative to the background scene. As a
result, the ability to detect and
subsequently classify such targets depends
primarily on the spatial resolution of the
imagery, the system radiometric
performance being relatively
unimportant. A spatial resolution of at
least 3m, and ideally less than Im, is
considered necessary.

In the latter case, however, thg features of
interest are generally no brighter than
other features in the scene; the key
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requirement for discrimination and
recognition of such targets is then, good
radiometric resoiution(%est SAR speckle
reduction). This may be achieved by
muliti-looking. The spatial resolution
requirement for these types of target is
considered less exacting than for "hard”
targets at around 5-6m. However, the fact
that multi-looking is required implies that
the inherent single-look capability be
similar to that for hard target detection
(i.e. around 1-3m).

The SAR must possess a radiometric
resolution adequate to allow
discrimination between adjacent
distributed features. A sensitivity
characterised by a noise equivalent sigma
zero (NEo,) of -23dB is considered
necessary.

4.4 Antenna Structures

It can be seen from the preceding
discussion, that the TACSAT antenna
requires an electronic steering in azimuth
in order to provide the Spotlight mode
and that a similar capability in the
elevation direction is highly desirable in
order to facilitate the imaging during a
si_ngie pass, of different zones located at
different elevation bearings relative to the
satellite.

Thus, the case for electronic steering in
both azimuth and elevation directions
appears to be stron% and has led this
paper to propose a tully active phased
array solution for the envisaged TACSAT
mission.

The particular aspect ratio assumed for
the antenna is based on the need to
accommodate around the toroidal bus, the
6m? overall area required to provide the
unambiguous access demonstrated in the
earlier discussion. Two distinct cases have
been examined one at C-band, the other
at X-band. In both cases, the antenna is
built from 11 panels which are assembled
onto the bus as indicated in Figure 1. In
the C-band case, each panel is populated
with 32 T/R modules and measures some
1300x418mm? whereas in the X-band
case, each panel is populated with 64 T/R
modules and measures some
1400x388mm?. Thus, the aspect ratio of
the antenna is similar in both cases being
4.6m(az) by 1.3m(el) in the C-band case,
and 4.27m(az) by 1.4m(el) in the X-band

case. It is important to note that despite
their intended major role as Spotlight
imaging sensors, both of these SARs
would be capable of providing better than
3m resolution in conventional Steered
SAR mode.

A feature of the active antenna approach
which can be exploited in this design is the
impact on T/R module design which
results from the adoption of Spotlight as
the principal operating mode.

When operating in this mode there is a
need for the emission of a particularly
high level of mean RF power in order to
restore the link budget which is adversely
affected by the increased noise level
which results from the wide bandwidth
needed to achieve fine range resolution.

Because the region being imaged is only a
small proportion of the maximum, range-
unambiguous swath, it is possible to
increase the transmitter duty cycle and
provide a several-fold increase in mean
RF power output during Spothght
observations. Typically, increases of a
factor of 5 canyge achieved over that
normally associated with civil remote
sensing missions where the duty cycle is
limited to around 5%. The advantage of
this approach is that these increases can
be achieved without resortinﬁ to an
increase of the peak RF power handling
capability of the T/R module output
stages.

It is interesting to compare this TACSAT
mission with a civil remote sensing
mission. In a typical C-band civil mission,
320 T/R modules operate at up to 8 W
peak RF power in order to provide <150
W mean RF power, whereas in the
Spotlight TACSAT mission considered
here, 352 T/R modules operating at 6 W
peak power can are operated to provide
up to 750 W mean RF power. In the
X-band case considered in this paper, 704
T/R modules are operated at less than 3
W peak power in order to provide the
same mean RF power (750 W).

However, the technique is only applicable
to achieving short term gains because the
increased transmitter power requires that
the system be capable of handling the
associated increase in waste power. In this
concept the thermal problem is regarded
as a thermal impulse and handled by




providing a sufficiently long gap between
observations that the long term mean
power handling capacity is not exceeded.

4.5 DC Power Services

It is envisaged that the TACSAT SAR
will operate from batteries during periods
of service and that during sunlight
spacecraft operation, the batteries will be
charged from the solar arrays at a rate
sufficient to maintain them charged, ready
for the next service period. Although the
power demand during periods of service is
very large, the total energy demand is
modest and can potentially be satisfied
from a low capacity battery, charged from
the relatively small solar array.

It is estimated that the surveillance task
will place a daily energy demand from the
batteries amounting to only about
500watt-hrs. However, the battery must be
sized not so much to provide the total
energy load but rather, to satisfy the 6kW
peak power/current demand which is
needed to energise the SAR and the data
down-link during the 5 second periods
associated with each Spotlight
observation. The demand for low internal
resistance which results from the large
peak power demand, favours the use of
NiCd batteries rather than NiH». The
mass associated with these NiCd batteries
will be on the order of 40kg and this
figure has been included in the mass
budget shown in Table 3.

The total energy demand can be satisfied
from a relatively small solar array whose
area is not influenced by the large peak
power demand. It is envisaged that this
energy will be collected during the period
of around 22 hours when the SAR is not
in a position to observe the Theatre and
that during this time a mean power
collection rate of only 25 watts averaged
over each orbit, will be sufficient to
grovide the SAR/down-link energy
udget.

However, in order to provide power for
the SAR and the additional 200W power
estimated as being necessary for the
satellite bus house keeping activities, and
to account for eclipse periods in the
charging cycle, it is estimated that a peak
collecting capability of some 300 watts
should be allowed at this stage in concept
development. Such a power collection
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capability can be provided at end of life
(notionally, 5 years) by 2m? of solar
array, assuming the use of GaAs solar
cells. ~oreover, since the operational
concept assumes that during this period,
the whole spacecraft is placed in a
thermally benign orientation, this
orientation can be chosen so that the solar
array area can be optimised for smallest
mass by arranging for it to point
continuously at the sun.

4.6 Data Down Link
Data Rate

Different data rates can be associated
with the SAR depending on whether
range compression 1s conducted on-board
or on the ground. With the long duty
cycles envisaged for use in Spotlight
mode, there is a need to receive radar
returns, not only for the duration of the
time delay from near to far sides of the
image region, but also for the duration of
the transmit pulse.

The classical technique for reducing SAR
down link rates is to accept all the returns
from a given single pulse emission into a
register (during a receive window period
which is much longer than the transmit
pulse period), and then to transmit the
data accumulated in that register during
the longer period associated with one
pulse repetition interval. However, when
the receive window is shorter than the
transmit pulse, there is less opportunity
for data rate compression. If, on the other
hand, pulse compression is conducted
on-board, then the duration of the receive
window - post range compression - is
identical with the time delay between near
and far sides of the image region. This
time difference can be significantly
smaller than the interpulse period and
appreciable reductions made to the data
rate.

Using such techniques, it is possible to
limit the data rate to values as small as
130 Mbit/s for operations at C-band
where the SAR chirp bandwidth is limited
to 100MHz, and to 400Mbit/s for
operations at X-band where the chirp
bandwidth is limited to 300MHz. Data
links with these bandwidths exist but the
problems of handling these quantities and
rates of data will require further
examination.




27-10

Ground Segment

The operational concept for the
TACSAT SAR is that it should make its
observations and almost simultaneously
transmit the SAR cata to ground for
reception within the Theatre command
centre where the data will be processed
into an inteliligible image.

It is envisaged that the ground data
reception station will operate ut elevation
angles greater than 5° using a Sm
diameter, steered dish, will operate at
Ku-band with a G/T ratio of 29dB/K.
Indeed, the data could even be routed into
existing ground exploitation stations
developed for airborne reconnaissance
systems thereby effecting a significant cost
saving.

Ground Processing

Currently available ground processing
algorithms will process TACSAT data in
its Steered Beam and Scansar modes.
Further development couid be required
for the high resolution Spotlight mode to
cope with the rapidly varying Doppler
aliasing at 1m resolution, especially at
X-band, and autotocussing will be
required to maintain focus over varying
terrain  height. Existing airborne
techniques are not applicable.

Data is receired at 108 samples per
second: Spotlight processing with
autofocus will require some 10° FLOP
per resolution cell, and therefore, real
time processing could require a computer
power of over 100GFLOPS. Currently,
this would require an array of some 5000
vector processors and could be a state of
the art machine, posing major data
handling problems. However, assuming a
deployment date at least 5 years in the
future, improvements in processor speed
of at least 4 times can be anticipated.

If 40 minutes, rather than real time, is
allowed to process the maximum data
anticipated from a single pass, then the
number of vector processoring nodes
required can be reduced to 125. Such a
processor could be housed in a single
19inch equipment rack and would be
equivalent to top-of-the-range
commercial equipment.

Space Segment

The impact of this type of ground network
on the space segment is that the down-link
transmitter must be capable of providing
an EIRP of 16dBW frow a smali
unsteered antenna. Such an EIRP can be
provided from a 120W TWTA assembly
whose total DC power demand is likely to
be around 300W including power to the
TWT power conditioning electronics and
the RF signal drive electronics. Mass of
the downlink equipment when supplied in
dual redundancy is estimarted to be around
17kg including the shaped beam antenna.

S Programme Cost/Schedule Drivers
5.1 Launch Costs / Constellation Size

There is much discussion about the
possible lifetime of a TACSAT mission.
Depending on the mission concept, the
intended lifetimes can vary from several
weeks - associated with launch on
demand, through months - associated with
launch in anticipation of a crisis, to years
- associated with pre-deplovment of the
satellite(s) and storage in space.

The case in favour of launches using the
residual mass capability often associated
with large launch vehicles has been made
in section 3 of this paper. Here, we discuss
the possible impact of that launch
philosophy on reliability required of a
TACSAT SAR.

The particular needs which might be
envisaged for a TACSAT SAR are that it
be capable of viewing the designated
Theatre at very regular intervals. For
instance, a full system may be required to
provide viewing opportunities at 8-hourly
intervals: such a revisit rate wou'd call for
the service of a constellation of 3
satellites.

The toroidal bus design discussed earlier
facilitates the launch of a
mini-constellation of 4 or 5 satellites from
a single, dedicated launch using Ariane-4
or Titan. System reliabtility can in this
case, be improved by the 3 from 4 (or 5)
redundancy which results from using the
multiple launch.



5.2 Mission Duration and Component
Reliability

The use of Flight qualified components
coupled with exhaustive ground testing at
every stage of the satellite development
programme brings benefits in the form of
minimised risk of mission failure, and
enhanced reliability throughout the
mission. However, such build procedures
place a considerable premium on
programme cost.

In recent years, industry has made
progress in the streamlining of on-ground
testing in order to optimise mission
reliability versus programme cost and
schedule. However, industry rigorcusly
retains the service of flight qualified
components for all programmes.

It is interesting to recall that flight
components are in general drawn {rom
the same production lines which deliver
Mil Std components. The premium charge
made for flight components results from
the additional tests and rigorous
traceability which is imposed on the basic
Mil Std components to provide the
greater level oip confidence demanded for
their use in space.

Two particular features of typical space
programmes favour the high level of
caution implicit in the dedicated use of
fully qualitied components. One is the
long lite usually demanded of the system:
the otner is the one-off nature of most
(large) satellite systems, The first of these
features demands the greater level of
confidence associated with flight qualified
cogngonents in order to guarantee
reliability over the (long) life time; the
other demands high intrinsic reliability
because with a one-off system, there can
be no resort to the N from M option for
reducing the overall risk of failure.

Notwithstanding these cautions, in the
case of launch on demand, the life time
expected of the satellite can be quite short
- typically around 6 months - and the
potential advantages of using less highly
qualified components is worth
consideration.

However, when the proposed launch
hilosophy calls for the use of large
aunch vehicles, the long lead times
usually associated with launches on large
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vehicles means that possibility of a rapid
turn round from launch request to launch
event is small. Therefore, the satellite
must be designed on the expectation of a
relatively long life and in this case the use
of less highly qualified components is less
desirable.

6 Conclusions

The capabilities of a TACSAT SAR have
been reviewed in the context of notional
Theatre surveillance mission. Of various
options, it has been argued that only a
SAR based on active phased array
technology will provide the flexibility of
performance needecd to satisfy the
notional mission.

It has been shown that a SAR operating at
X-band would be capable of providiag
single-look imagery at 1m spatial
resolution and a noise floor of better than
-20dB when flown in a circular orbit at
500km altitude. The total mass of a
satellite carrying this SAR has been
estimated at around 600 to 700kg.

While it is quite within the bounds of
technology to conceive integration of
either of the SARs discussed in the paper
on a platform suited to individual launch,
it is specifically the absence of dedicated
launch vehicles optimised for single
launch of such a satellite mass which has
been taken as a driver towards a toroidal
bus structure suited to a muitiple launch
making use of the residual mass often
associated with launches on larger
vehicles.

The adoption of such a philosophy has
been shown to provide the opportunity of
getting single satellites 1nto orbit
economically but not with a rapid
turn-round. In addition, the toroidal bus
structure provides the possibility of
deployment of a complete constellation,
using a single launch from a large vehicle.
In this way it is possible to amortise the
cost of the larger launch against the
corresponding cost of several individual
launches using smaller vehicles.

In order to fully understand the operation
of, and interplay betweer, the various
components which comprise a TACSAT
system and to optimise the design of a
military constellation, a demonstrator
system is clearly required. In particular,




the use of active phased arrays in space
could be demonstrated and overall system
performance evaluated. This paper has
shown that such a demonstrator is
perfectly feasible using today’s
technology.
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BADAR BSECIFICATION
PARAMETER | VALUR | UNITS | COMMENTS
operating 9.6 (GH2) X-band
trequeancy
spatial 10 (m) Steersd
resolution 1 (8) 8potlight

20-%0 {m} [ 4 9

ainimus
detactable 10 (a)
RCH
sinisus radial

deteactable 6.% |{(kxnots)| velocity
velocity

Pea 10-6 (=)

Polarization ({-) (=) scattering
satrix
preferred

Table 1 Design Goals for TACSAT SAR

RESOLUTION | CHIRF BANDVIDTE (MHs)
(m) Giasang Angle

30 4% 60°

10 6 32 45

3 8?7 110 150

1 60 320 430

0.3 870 1100 1500

0.1 2600 3200 4500

Table 2a _Spatial Resolution Vs Chirp
B i Ll

BAND PREQURNCY RANGE BANDHIDTR
NAME (GHz ) (MHz}

L 1.218 - 1.3 a3

S 3.a - 3.3 200

< 5.25 -~ 5.3% 100

X 9.5 - 9.8 300

J 13.4 - l1l4.0 600

Ka 3.3 - 35.% 100

Table 2b  Bandwidth Allocations

2iaslorm
gtructure 130
Theraal Control 20
Unified Prop Sye 50
AOCS (using CMGe) 60
kyy 14 13
Solar Array (ila’) 1s
liCdi Batteries (500Whr) 40
Bus Klectronics 10
Sub~-total 360 kg
RQownlink
Transaitter 15
Antenna 5
Sub~total 20 kg
SAR_Senmar
Active Antenna (6m*) 200
Cantral Blectronics 73
Sub-total 7% kg
Qvaxall BSatallite Mass
Platform 360
Downlink 20
SAR Sansor 273
TOTAL 533 kg

Table 3 TACSAT SAR Dry Mass Budget
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LOW COST TACSAT FOR NATO SURVEILLANCE

Charles S, Hoff
Remote Sensing Systems Pragram Manayer
Hughes Awrcratt Company
£.0. Boxvl2ow
Bidg. SSO,AMS X323
Los Angeles, CA W000
LS AL

SUMMARY

Cost and performance technology breakthroughs i recem
vears have made possible the near term development and
deployment of a tow cost TACSAT survetllance svatem. The
potential for both the spacecratt and senvor 10 be launched on
lower cost launch systems s the fundamental bases for reduced
system cost. Addinenaily. the spacecraft and sensor must be
amenable 10 tow cost mass production. For all weather,
day/night surveillance. an active synthetic aperture ridar
(SAR) 15 the ideal instrument. and the ability 1o mass
manutacture thousands of very low cost trnsmtirecene (T/R)
modules has been developed at Hughes, Since the size of i
SAR increases as the orbital altitude 1s increased. a hinal
clement of the cconomical basis for a low cost FACSAT i the
detinition ot jow carth orbit (LEO) space constellations with
high ussion utidity. Tradeotts are Llso provided o compare
sparse or zero based peacethime comsteHations with surge
taunch capabihities to small peacetime carly warning space
constellations that can also instantly provide regional combat
support on demand.

i. INTRODUCTION

With the decrease in the fong range TCBM strategie threat and
the increasing likehhood that theater or regional engagements
are the more probable form of contlict. local and battle arca
survedlance ascends to paramount importance.

Such musstons as regional treaty monitoring and vernificanon,
area observation to detect military buildup and movement,
assessment of force strength. characterization of deployment
clements, and battle damage assessment must be addressed. A
major added operational requirement to accomplish these
missions s that they be performed under all weather
conditions and during the day and night. Numerous tades
have shown that such observations are typically hevond the
reach of organte assets. includios both ground and airborne
systems. and theretore would best be satistied hy spaceborne
~ensor plattorms.

2. ENABLING TECHNOLOGY

The confluence of two sigmticant events——namely the evolution
tand recognition) of the regonal nussions deseribed above, and
the maturation of the essential enabling technology —has made
possible the near term satistaction of these mission shorttalls, As
iy suggested by the scope of this svmposium. the solution lies m
the development and deployment of LEO spacecraft and sersors
that can be produced and faunched ar low cost. Apalvais has
~hown that the major way [0 CCoROMIZe OR space svalems 18 10
develop uitra-hghtweight spacecraft and sensors 1o facilitate their
launch on inexpensive launch svsiems. Many low cost booster
svatems are already avatlable to place bghtweight spacecratt into
LEO: Pegasus. Taurus, Titan H. Deha L Atlas, Delta, Arane.
ete. Thus, whenever a space system requires multiple faunches.
uch as to replace relatively short lived spacecraft/sensors by the
insertion of new techaology. or to establish a small constellation
ot peacetime satelites that can accomplish both carly warming

and hattle support musaons, the grearest single hie osvele cost
saver s reducmg mds wuad liunch conis

21 LAUNCH COSTS AND ORBIT ALTITUVDE

As stated, the mugor tactor e achaeving Jow cost tactical
survetbance s an th - recurning cost of the launch syatem,
However, the costas directly dependent on the payload wesght
and the characternsucs of the orbits o which the pavloads
must be placed. For radar. tor example. as the seasor is placed
tnto hagher and hogher orbits . the size ot the radar coften
referred 1o ds the power aperture productt oreases the sume
as the ranee 1o the fourth power. Thus, ot the mgher orbial
attitudes. an active tor even g passiver sensor sl be much
sreater i size and werght, Since spacecratt pavioadidaunch
costy vany directdy o size and werght, and it theretore much
more cconomical v lannch highter pasloads o LEQ. the
remote sefivng tunchions tend to be most costettective yt
LEOs. However, a counterverhing issue to be dealt with s the
number of LEQ spacecrafissensors required to provide the
NECESSUN viewing me or coserage of the reyan or thedter
question. It s a truism that as the orba altitude of satellites s
reduced. the number of spacecratt reguired 1o nantam the
same ground viewiny converage mereases. Tradeotts that can
compromee the contlict between ot altiude and spacecratt
constellation size are presenied later

2.2SENSOR TECHNOLOGY AND COSTS

For compatibiliy with the simalier. more cconomical faunch
system architecture. the survetliance sensor must be ulirg-
hghiwerghe. Bat another important enabling technology for the
sensor s that it be anwnable 1o low cost masy producibity
Specitically . the productization desten muist fend itselt 1o
automated. non-person-atensive production and tost
Adesenpion of the was this has been accompinhed at Hughes
Tor spacehorne radars is presented later.

L LAUNCH-ON-DEMAND VERSUS PEACETIME
CONSTELLATION

Two ways of carrying out regronal or theater survediance are
obvious. The first waould rely on nonspace resources to
weertam that elevated threat levels are imounent or have
accurred. The second would rels on the peacetime global reach
of space W momtor and provude the carhiest possible warming
that a threatenng stuation s developmy Ao, o hybnd
approach that has no or a single surverlllance spacecratt on
orbet and that provades for surge launches of additional sensors
to support the execution of theater battle s feasible.

The above dichotomy has very important iophications tor the
design and operationai charactenstiios of the spacecratt and
surveillance instrument. Hughes has performed analysis of a
lagnch-on-demand space ~sstem that would be developed with
the follow g operatonal scenaro i mind.

31 LAUNCH-ON-DEMAND OPERATION AL SCENARIO
To satisty a growing need for dedicated and avarlable space
support tor tactical milary commanders, the tuture space systems
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might represent a sigmibwant departure from the way current
space systems are desiened. budt, and deploved. The advaneed
spacebome radar would be designed tor quantis production. long
e storage. and easy checkout. such as the state-otf-the-ait
mssife sastems bualt tor sears at Hughes, A sumprsigly close
match between the content of certiun mussiles developed by
Hughes and spacecratt was discovered. Speaiticaltiy . the
pereentiges of the totad uois i wermis of swucture, pay load. and
propulsion were reniirkably sinudar, Many of these mussiles were
Cohe aeiice, todiliz oz

desedermed 10 e weed ek il

e sturage i the Geld, rapad eono-go Cieckour and Laanch A
shown o Forure Voo rathics small tabar satetiue woudd be
compatible weth stowage i tor cvample o Pewasas Lanng
and would be designed tor fow cost guantiy producnon by The
tadar sutctite would be capable of L wenn hebd Moraee w0 so
hat o ready to-faunch nsentory would abways be gvailable tds
Hutt-m seit-test capabibiiies would penun rapd chiechout of the
radar spacecralt by the use of sumple sapport agopanent i the
tactory and the teid Launch would be trome a Pegasus ter or

R Ve
i suilatned daaiildl s st e

PEGASUS FAIRING

DATA LINK ANTENNA
a) COMPACT OPERATIONAL SPACECRAFT

b) QUANTITY PRODUCTION
AND SIMPLE CHECKOUT

ﬁ_’

e) PEGASUS LAUNCH

¢) LONQ TERM FIELD STORAGE

d) RAPID ACTIVATION/CHECKOUT
AND LAUNCH

N SBLV LAUNCH

FIGURE 1. SAR SYSTEM CONCEPT
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FIGURE 2. REPRESENTATIVE OPERATIONAL SAR SYSTEM

2 PEACETIME SPACE CONSTELLATION
SCENARIO

Contrary to the faunch ondemand seenano. the peacetune

spaceborne radar seenano makes use of o smabl RO rada
constelatton that provides broad area theater search. as well as
high resolution umaging upon the detection or cucmg ot 4
target’s presence. This scenario does not prectude the
capubtlity to execute a surge lasnch to supplement i peacetume
constetlation of to reconstitute the system as ~satethtes are
destroved duning major conthicts, The control of this wtuatton
would reaide i the theater commander who also has the
responsibiity and cupability for real time tasking of the
spaceborne radar and spacecratt. In Figure 2. three radars
operating 1 the SAR maode are depicted. one providing strip
map rmaging in a wide area target detecthon mode and the
other two providing the higher resolution spothghumg o assist
i charactenzing enemy targets that have been detected. Mode
vhange mstauctions 1o Jook n different areas, tor esample. are
commanded i real time by the ticld commanders mobile
control station, which can abso accept onboard processed or
parttally processed mmaging data from the orbiting raduars,
Dependine on the time frame of the B faunch, there s an
important tradeott between accomphishing all imagimg
processing onhoard the spacecratt. wdduding comparison of
mput data te sored images of poteatal tirgets, vensus the
downlinking ot rather wideband imagine data for near real
tme processing n the commuander’s ground control console.
The latter is most likely to be preterred. uanl completels
reltable autoprocessimg of maging data has been successully
valedated. The implementation of an etticrent widehand
downhink s very strasghtforward and can even use the onboird
radar array to provide the communicanions downlink aperture
o that another iransnitterzantenna would not be necessary.

The provisin of 4 commander’s command control console
and work staston otk and control the spaceeralt amd sensor.
process collected data, and provide data tusion as required 1™
anessentialb part ot the total operattonal system. along wath the
widehand real nme dowalink into these cround statrans,

A typreal operational timeline has heen deveioped to
demonstrate how the system might operate. As shown in
Figure 3. as the soacecratt rises above the battle arca at time
Floae begins s preprogranined broad area stip map search
for enemy targets. A nme 12, the mobile sround station wath a

stnatl ardenig wansits § command tor the S AR 1o spotheht”
A portion of Sector Charfie where anrecogtized coems issets
sty be brdden e a woeded ater A tane T3 the SAR
spottrchis Secror Charbie gt el resolution, usipg o scanmng
beam. and accomplishes tepeat looks s pecessany o increase
resodution Nme 140 SAR processed or partially processed
mgee i~ downhinked to the mobile eround station, which

teseals acuster ot enemy tanks.

4. CONT AND PERFORMANCE TECHNOLOGY
BREARKTHROUGH

For several decades Hughes has developed space based
radars that have pertormed with distinction, One ot the
carbiest was Proneer Venus in 197X which was the tirst
spacecratt toomap Venus Tias thoroueh mapping was
creeptionatty reveattng about the planet. despiie the tact
that the SAR sesolution was appravimatels 100 km.
Suhsequenity. Hughes developed the Macelban radar. which
mapped Venus at g considerabty higher resotution —
100 meters Al UUS space shutties hanve Hown a Hughes
radar and communmications system. which has been used
suceesstully and repeated)y tar space dockiny and spacecralt
retrieval nrmneusers, A fook ot the Mageltan spacecratt
clrgure 4 shows that the SAR tunctioned with a
conventional parabohic antenna and amplttrer tebe and that s
pertormunce was himited to the hinds ot powersamphber
products avafable at the time it was buitc Figure 3 shows
an architecture and pertormance attrihule COMpArnon
hetween the Magellan architecture and the Hughes-buidt
radars of today. Note that the retlector system uses the
vonventional, gam himited tabe amplitier and comprises a
single black box transmitter and receiver. A major
shortconmg of this architecture s the poor beam agihity,
which cun be accomplished onv by mechamicaily steening
the antenna tor any heam steerning or scanmng mode ol
operattion. The phased array architecture on the hottom of
the tizure shows the ability 1o construct and deploy very
Jarge arravs with thousands of fow power 'R channels that
can provide essentibly imitless performance. When this
architecture is used 1n a space commumicanons mode, for
exampic. 1t means that very small. low power ground
termunals can be deploved 1o operate with this spaceborne
aperture bevause of it potentradly farge directinaty and EIRP
Perhaps the vingle most important charactenistic. however. i
that the phased array provides tor nstantaneous beam
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FIGURE 3. TIMELINE FOR 7 MINUTE SAR FLYOVER

scanming in all directions. Typical applications have provided
for off-boresight scanning in all directions of greater than
60°. A principal physical attribute that is essennal to the
NATO architecture of the future is that these large phased
arrayvs have a very low profile and extremely hghiweight
densities-——approximately 7 kg/m2 or less.

Spaceborne phased array radars for military applications have
not existed for one reason: cost. The major cost 1tem has been
the T/R module, since a given radar application may reguire
thousands or even tens of thousands of these devices. Hughes
has made enormous investments in T/R modules that were
pnimanly directed at airborne applications. since Hughes has
heen a major arrbome military radar supplier for many years.
These T/R modules incorporate monolithic microwave
integrated circuits (MMICs) that are mass produced. weigh
approximately 2 grams (depending on the frequency band), and are
typically packaged ina 1 x 0.3 x 0.11 inch unit. Low temperature
cofired ceramics (LTCCs) have been used for several
applications, LTCC is a technique in wiich active and passive

components are depostted within ribbons ot ceramic. and the
entire package is heated at approximately 6007C Jower than the
temperature ordinarily used on ceramics. so that the total package
is formed at once without damage to the functional devices. When
this process was begun years ago, a single channet T/R typically
cost several thousand dollars; today these devices are avalable
at less than $500 each. In addition to this, Hughes, under a U.S.
Government Manufacturing Technology (MANTECH)
program. constructed an automated (robotic) facilty that
dedicated 10 the mass. fow cost production of T/R modules for
radar applications. This facility, which was newly constructed
and dedicated early in 1991, is bemng turther automated euch
year, and the cost of T/R modules by 1994 will be hetween $200
10 $400 each. This represents an order of magnitude reduction
in cost from a few vears ago. Refer 1o Figure 6.

5. REPRESENTATIVE ORBIT CONSTELLATIONS
A wide variety of low cost, high performance space
constelatons can be devised. One small constellation would be
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FIGURE 5. RADAR ARCHITECTURE COMPARISON

placed at an orbital altitude of 600 n.mi. (sce Figure 7). If truly
global surveillance coverage is the goal. including excellent
coverage over the poles (which is not the most likely scenario tor
the majonity of the NATO theater surveillance missions). i
system of four satellites comprising two planes with twa
satelites each, all with a 90" inclination, would be feasible. The
satelites would be separated by 180° within each plane. The
global coverage would be very good in that the worst case revisit
gap in the entire world (meaning the time during which no sensor
can “view" that particular area on the earth) would be 1.54 hours
tand this would be a rare occurrence). However. the average
revisit gap for every place on the planet would be (0,62 hour
tapproximately 37 minutes}.

Another four-satellite constellation would be placed at half
the altitude of the one just described (see Figure X0 In this case.
the altitude for atl spacecraft would be 300 n.om., and
the inclinations for the spacecraft would be 07, 90°, 57°, and
57°, respectively. The orbit period for cach would be
96 minutes. and the average revisit gap globally would range
from 2 1o 4 hours. Figure 8 shows the ground traces over three
revolutions (4.3 hours) for these four satellites.

6. REPRESENTATIVE LOW COST SPACE SYSTEM
DESIGN

Hughes has developed a low cost spacceraft and SAR payload
that represents one form of tlow orbit. long hife approach to the
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probiem. The goal was to design a lightweight, low cost.
manufacturable spacecraft that could support a fairly
substantial (but vltra-lightweight) SAR and be compatible with
the Delta II launch system. The design is for an aftemoon sun
synchronous orbit with an altitude of approximately 370 n.mi.
The primary solar power system is approximately 5 kW_ and
the SAR array 1s approximately 12 x 4 meters. for a total arza
of 48 m=. In this particular design, it is desirable to mclude a
large (6 foot diameter), dual gimbal pointing parabolic antenna
to relay wideband SAR data to a geosynchronous
communications relay satellite. Furthermore, an X-band
downlink is provided to enable real time SAR data to be
transmitted to operational users directly below the
spacecraft/SAR at any time. The entire spacecraft, power
system, radar, propuision system. and all onboard electronics
are designed for an orbital lifetime of 8 years.

The very lightweight spacecraft for this application is a
simple triangular truss arrangement. whereby the SAR array
is affixed to one of three sides of the bus, and each of the
solar wings is attached to one of the two remaining sides. as s
shown in Figure 9. Note that in this figure, the fairing above
the Deita I second stage has a 110 inch envetope for the
payload. and the large reflector antenna 15 also accommodated
within the fairing,

Figure 10 depicts this spacecraft/SAR payload in the space-
depioyed configuration. The SAR antenna is canted
approximately 30° off the horizontal. to permit side-looking

4 SATELLITES
2 ORBIT PLANES AT S0 ¢
600 nrm ALTITUDE

NATO NATION COVERAGE
AVERAGE REVISIT TIME =062 nr
WORST CASE REVISIT TIME = 1 54 hr

FIGURE 7. HIGH ORBITAL ALTITUDE
CONSTELLATION

only. In this particular design. the requirements are for +30°
scan capability in the elevation axis and 20° scan capabulity in
the azimuth axis. Similar designs have called for the array to
be deployed normal to the earth’s radius vector to more readily
scan to the right and left as the spacecraft progresses along the
orbital path. In the latter case, the designs have typically called
for 260° of scan in both axes.
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Discussion

Question: May you give {(rough order of magnitude)}
how many PEGASUS launched small satellites you plan
to build to have an economically efficient approach
in terms of manufacturing facilities and effective
service?

Reply: That one concept was based on a Customer long-
term need for hundreds of spacecraft at very low cost
to be deployed in the field for long periods. The
PEGASUS solution was a design constraint, but is high
in $s /lb to orbit. Multiple spacecraft launchers

for peacetime constellations and short (approximately
1 year) orbit life may make more sense. However, the
very large, high performance radar (on Delta II) 1is
close in cost to the TACSAT goals discussed by Charlie
Heimach, et al.




Cost Effective TacSats for Military Support

By M.T. Brodsky, M.D. Benz & J.T. Neer

Lockheed Missiles & Space Company, Inc.
Organization 6F-01, Building 590
1111 Lockheed Way
Sunnyvale, California 94089-3504 U.S.A.

Abstract

This paper discusses the kcy space system features
required to provide effective support to military field
units and discusses Lockheed's concept to fill critical
niches in military surveillance and remote sensing.

The military is aware of benefits available from more
effective use of space. To provide those benefits, spacc
systems must be dependable, casy 1o use, flexible,
responsive and affordable. This paper describes how a
programmable, multi-spectral E-O sensor combined
with a new small satellite bus. and supporting command
and conwrol and data processing tools can provide
environmental and surveillance support to users in
peacetime, crisis and combat. Also discussed are how
such a system meets essential military utility criteria
and an approach for rapid TacSat sysiem development,
evaluation and deployment.

Introduction

In an era when businesses are learning the importance
of total customer satisfaction, developers of new space
systems have opportunities to achieve similar goals.
Just as products emphasizing user convenience, hassie-
free service and high quality at an affordable price are
cssential in today's economy, space system developers
must use emerging technologies to megt similar needs
for civil and military systems. In the commercial arcna,
a system designed for total customer satisfaction,
Motorola's IRIDIUMTM/SM  gjobal personal
communications system is in development. The same
philosophies can be reflected in a tactical surveillance
system and the projected commercial infrastructure can
aid the economic feasibility of such a system.

The IRIDIUM system provides global personal
communications using a constellation of small LEO
satellites, supporting ground facilities and a user
cquipment family including a small, hand-held
telephone and a variety of data terminals. The system
thrust is to provide cellular telephone-like convenience
and quality with 24 hour dependability unywhere on the
face of the Earth. The IRIDIUM system will provide
high quality tefcphone connections anywhere with the
same cffort normally required to call between offices in
a large city. In short, the IRIDIUM system applies
state-of-the-art technologies to make things simple and
convenient for customers. With modern cryptographic

IRIDIUM is a Trademark and Service Mark of Motorola Inc.

devices and GPS receivers, an IRIDIUM subscriber unit
could be ideal for several voice and precision location
functions in peacetime and limited warfare situations.
Another military benefit from the IRIDIUM system
may be the user satisfaction model it provides. A like
philosophy, applied to the development of military
surveillance systems, could produce huge benefits.

Any discussion of a new military capability must
address new world realities. The welcome reduction in
superpower tensions has come with unpleasant side-
cffects including greater political instability, local "hot
spots,” and the danger of a local conflict spiraling out of
control. The political reality of reduced western
military spending and constrained forward basing
accompanies these threats. The {actors combine (o
demand greater flexibility and responsiveness of the
remaining forces. The Persian Gulf showed that timely
warning and intelligence information in the hands of
commanders can produce force multipliers that allow
the prosccution of conflict with low casualty levels.

One conscquence of this environment is an emerging
nced for user controlled, cost effective, tactical space
systems (o provide timcly information 1o commanders.
The systems could give indications and warnings of
force build-ups, allow treaty compliance monitoring,
and support national and allied forces in peacetime,
crisis and combat. They could operate in modes to
satisfy the different needs of several users.

The needed capability can be effectively provided by a
small LEO satellitc with a programmable, multi-
spectral sensor combined into a "TacSat” space system
shown in Figure 1. Key TacSat system fcatures would
include a distributed architecture with direct user
tasking and data readout. Technologies central to this
TacSat system concept are multi-band. CCD focal-
plane arrays, satellite on-board computing and
advanced work station ground data processing.

Mission Requir n Tr
User Satisfacti

At the most basic level, the fundamental requirement of
any system is that it satisfy user nceds. In a military
surveillance system, that translates into a need to
provide timely information on force disposition, local
environmental, infrastructure and other conditions o
commanders. It is technically feasible to build a space
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Figurc 1. Military Needs are the TacSat Driver

system with the spatial and spectral resolution to do the that mcets these varied user needs at sclected times.
job. It is harder to retain adequatc resolution while  Using low cost systems and technologics, it is possible
satisfying frequent coverage, large arca surveillance, to achicve high user satisfaction with a robust and
timely access to information products, case of use, and responsive system aichitecture.  De-centralization does
dependability needs, all with low system costs. Many not result in higher costs than current capabilities. This
think that the simultancous satisfaction of these needs is architecture, shown in Figure 2. manages resources 10
not practical. It is practical, however, to build a system fit a situation and is the thrust of our TacSat concept.
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Figure 3. User Driven Design Featu: ¢ Matrix

Figure 3 shows the key user nceds satisficd by an
electro-optical TacSat system, and how those nceds
map into desired design features. The first system
design step is the definition of key mission driven
sensor charactenistics. These characteristics, combined
with orbit selection, define the system's “capability to
survey and collect”.

TacSat system performance is fundamentally defined
by the combination of sen;or characieristics and
mission orbit. As shown in Figurc 4, the process of
selecting these parameters starts with the definition of
mission requirements; t.c., what specific roles will the
system be designed to satisfy and what performance
levels will be required for these roles. For example,
one role might be daylight surveillance of a battle arca
to detect armor, another might be surveillance of a port
area to detect shipping activity.  Each of these
missions reguires some specific quantifiable threshold
performance and a range of characteristic goals that
affect tasking. The key to scnsor and orbit design is
balancing as many tasking thresholds as practical while
maintaining performance against the variable goats, all
at an affordable cost.
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LAUNCH ON DEMAND

Figurc 4. E-O Sensor System Approach

The multiple arcas of performance required for TacSat
missions arc achievable in scveral ways. The
conventional approach is to use {wo main sensor types,
one cmphasizing wide ficld-of-view, the other high
resolution. The key to our concept is the capability to
satisfy the key TacSat missions with a single sensor.

This is possible through the use of two different focal
plancs and the flexibility 1o operate in cither “staring”
or "scanning” modes. The "stanng” mode captures
high resolution data of a relatively small geographic
arca. In this mode, a sensor conunuously tracks, or
“swares” at a particular target, and the image size is
limited to the scnsor’s ficld of view (FOV).

The scnsor can scan in cither the "push-broom™ or
"whisk-broom™ modes. When scanring in the "push-
broom"” mode, a sensor images a strip determined by its
FOV. A wider area, with rcduced dim target
performance, can be imaged using the "whisk-broom”
scan mode. This dual-mode capability, discussed later,
provides a surveillance option "menu” o the user
ranging frcm small arca, higher resolution 10 large area,
medium resofution. In addition, the pointing capability
rcquired for scanning and staring also allows target
area sclection within a ficld of regard (FOR) of about
+45° (o each side of nadir along the tlight path.

In addition 10 user-programmable pointing, the sensor
should feature multi-spectral capability.  The scan
n.odes might be supported by » series of multi-clement
lincar tocal-plane arrays, cach covered by narrow band
optical filters. The high resolution staring mode could
usc a square panchromatic array operaung in the visible
band. This combination makes it possible 1o support
the many spectral bands and differing resolutions
needed to perform TacSat missions.

Coverage

TacSat system flexibility and timeliness are. to a large
extent, orbit dependent.  Of course. orbit selection
often involves trades against resolution. Orbit selection
requires consideration of options for altitude.
inclination and, in some cases, eccentricity.  Figure 5
shows some of the factors etfecting altitude selection.

b :
» Mammum Aldtude 10 OiTt Derow Van Alwa Radatan Bats
» Maamum Aldtude = f 40C KM

PERFQAMANCE:
- Mgnex Aiglide - Berar Coverage
© Lower AINNGe « Better Resdluton

QUAATION, ’
¢ Micsmum Aibhude tor Mission Duragon
- Miemum Alfnsde « 450 XM

Figure 5. Almudc Trades

Environmental factors bound the range of available
options. Below about 450 KM, atmospheric drag starts
to become a factor by increasing propellant for oroit
maintenance and beginning 10 produce attitude control
design issues. At the other extreme, altitudes above
about 1400 KM result in increased requircments for
component h.ricning against the radiation
environment. (Orbits above the radiation belts would
not nced as much hardening, but would require sensors
of a different class than thosc discusscd here.)
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Specific altitude selection between 450 and 1400 KM
involves minimizing the total system cost for a desired
resolution level. As altitude increases, sensor focal
length must also increase to maintain constant
resolution on the ground. Increasing the focal length
usually increases both the sensor and satellite weight,
Thiz combination of increased weight and altitude
increases satellite cost and, generally, launch costs.
However, the higher altitudes have several significant
advantages. First, even at constant resolution levels, 1t
is possible to gain a wider access area on a single pass
by taking advantage of grecater off-nadir performance.
Second, if reduced resolution is allowed, higher
altitudes allow larger imaging swaths on a single pass
even with a constant down-link data rate. Therctore, a
sensible design strategy is to optimize for the highest
practical orbit (below 1400 KM) available with the
selected launch vehicle. Sizing the sensor o provide
the required resolution would then give the best
balance between resolution, single satellite coverage
and cost. This paper assumes that booster constraints
would resuit in a system at the low end of the range
{450 KM}, but no tinal decision is implied.

Other imporiant parameters are whole carth versus
mid-latitude coverage, revisit times and the number of
sateilites required 1o achieve them. Orbit inclinauon i1s
selected based on the desired range of target area
latitudes and the practical constraints of available
launch sites, though some mabile launch systems could
eliminate those constraints given sufficient payload
capability. The trade is usually between a polar orbit
and an inclined orbit, cither circular or clliptical. The
polar orbits have the advantage of covering the entire
carth with potentially repeating ground tracks. Their
disadvantage is that the satellite spends a significant
portion of its orbit over the polar regions. Inclined
orbits can cover the temperate zones or higher latitudes
as required. However, it is difficult if not impossible to
design an inclined orbit where a target is available at
the same time each day with only a few satellites.

Per satellite coverage is a key measure of cost
effectiveness and is, in wm, driven heavily by launcher
options in two ways. First, use of maximum launcher
performance increases orbital altitude and coverage.
Second, launcher flexibility allows varying, situation
specific orbits when appropriate. Another approach is
a general purpose sun-synchronous, circular, ncar polar
orbit that provides a global, long term capability.

] il i
An cffective command and controf architecture is the
key to TacSat system useability, as shown in Figure 2.
The primary architectural strategy divides control into
two funcuons, mission support and satellite support.
The clear separation of these twa functions is
critical to user satisfaction since it allows combat
commands to obtain satellite surveillance benefits
without the burden of satellite management. This
support function, completely transparent 1o the field
commands, is accomplished by rear echelon activitics

with the facilities and experuse 10 manage and control
a single TacSat or a muluple-satelhite constellavon.

The ovperational principle is based on the idea of
field commanders using a predetermined schedule
of resource availability to initiate targeting. They
would know in advance of satethie orbital passes over
thetr areas of interest. The rear echelon acuivity would
operate the spacecraft and perform housckeeping
functions. Users would know that, between specified
umes, they could pomnt the sensor. select spectral bands
to acquire nceded data and direct 1t to the appropriate
user ground statton. They would not have o control
satellite attude or provide pownung angles. Instead.
they would provide warget coordinates. System design
fcatures and user task planning tools would ensure that
the user commands were within system capabilities,
and not potentially damaging to the satelhite.

The strategy allows regional commands to use a
satellite as an organic asset when 1t 15 overhead, even
though LEO satellites are inherently inorganic global
assets. Users would control the assews based on local
priortics. It would be possible for a command to make
4 decision on the best wsking use just prior to a pass,
send commands to the TacSat, have 1timage the target,
and return the data for processing and analysis. This
high degree of user autonomy requires that the satellite
and support system be designed from the start (o
scparate housekeeping and payload operations. This
feature requires a rear echelon support capability that
operates the satellites and provides user support.
Satelfite operations include such traditional funclions
as: launch control, injection, check-out, navigation,
orbit adjusts and maintenance. User support includes
the distnbution and prioriuzauon of tasking allocauons,
and the resolution of operational problems.

Figurc 6 shows a typical TacSat pass. With the 3°
FOV mulu-purpose sensor. a single pass swath width is
limited by the allowable scnsor obliquity. At 45°, the
swath is about 1040 KM by 1930 KM at 10° elcvation
angle. The user access area 1s limited by line-of-sight
from the satellite 10 the mobile exploitation sites that
reccive the data. Reaches of 780 KM are conservative
and could be increased by reducing allowed clevation
angles or swath lengths. The finkup 1s made between
3° and 5° clevation and commands and other data up-
linked between 5° and 10° clevation.

TacSat operational objectives to maximize user
benefits and flexibility and minimize user
performed satellite operations drive the c?
architecture. Distributed payload tasking is a key to
the TacSat concept. Uscrs require a system that simply
and responsively supplies support without being
hampered by insufficient sateilite knowledge or the
burden of additional infrastructure. Figurc 7 shows the
C3 capabilities divided into categories.  Payload
tasking consists of simple, user commands on a pre-
allocated, time share basis. Allowing users to 1ask the
sensor payload in ground coordinates, climinates the
need for user cphemerides and pointing understanding.
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Figure 9. TacSat Multi-Purpose MSI Sensor Concept

The earth's atmosphere has many highly absorbing
molecular species. Their influences establish spectral
windows for satcllite sensors to detect surface or near-
surface phenomena. Waveband options must be chosen
considering target phenomenology and these windows.
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Figure 11. MSI Sensor Bands & Uses

Muiti-spectral information is highly useful for many
TacSat missions. When used to supplement
panchromatic data, the non-visible bands add
detectability. Camouflage can be detected as can warm
objects against a cooler background. Multiple band
measurements can be used to compensate data for
environmental conditions such as water vapor effects.
The bands listed in Figure 11 represent an initial
selection based on expected targets and backgrounds of
greatest interest and likelihood. The system and
sensor's programmable features allow specific uses of
band combinations for each mission with data formatted
for transmittal o the ground.

All-reflecting optics designs are superior for
simuitaneous use of different spectral bands.
Reflecting optical systems also offer feasible weights in
this aperture range. Except for small refractive
elements providing image correction in the high-
resolution visual band, the design uses all reflecting
optics. Detectors for the high resolution panchromatic

array are located with the central 1° of the line FOV
where geometric aberrations are small. This has the
disadvantage of reducing avaiable visual coverage
rates, but is necessary to balance distortion and
resolution. Using two focal planes with different focal
rauos maximizes the combined FOV and resolution.

Physical law dictates that resolution is proportional
the ratio of aperture diamcter and spectral wavelength.
For apertures feasible on a small -atellite, high
resolution is attainable only in the visual and near-to-
mid-IR bands, from lower orbits. The 45 cm aperture
compromise provides good performance (SNR and
resolution) for most missions, and construction with
rcasonable size and weight. For mapping, SNR
generally decreases and resolution increases with /4,
The /7 scanning-mode optical path is 2 compromise
between SNR and resolution perforinance. In
staring, high resolution-mode, a higher f/# is desired.
With a large square silicon CCD detector, an /15
system meets resolution requirements with good
FOV and SNR performance.

For given aperture and resolution, wide-ficld-of-view
sensors tend to be large. The design has a slightly off
axis optical path providing a wide, one dimension FOV,
with resolution only partially degraded by geometric
aberrations. This approach is acceptable for IR bands,
where diffraction blur exceeds the geometric blur. An
additional square high-resolution focal plane uses the
on-axis optical path and operates only in the visyal
band, providing maximum resolutica for designated
areas of interest. Operating the highest resolution
missions solely in the shorter wavelength visual band
keeps the aperture size small. When sunlit, most
ground and weather features of intercst show visual-
band contrast adequate for detection.

The square visible staring array reccives the on-axis
narrow-FOV beam through a central hole in the primary
mirror. The multi-spectral optical path lies just to the
side of the staring systems lens clements. Figure 12
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Figure 12, Mulu-Specuad Focal Plane

shows the multi-spectral Focal Plane Array (FPAY
layout. A thermal isolator divides the FPA nto an
uncooled visual and cooled (30 "Ko IR waveband
secuons, Filters 1o define the detected waveband cover
the detectors in cach pair of staggered-alignment rows,
with multi-color data received automatically as the rows
sweep across the scene. The FPA length wilt hkely
require usc and alignment of scparate smalier line arrav
sections combined to form the FPA. Signal-to-poise
rauo analysis of a scene to be imaged ot mapped must
account for the observer’s desired contrast level.
Background noise rather than internal sensor noise
limits TacSat mapping obscrvations. This 1s because
the carth is bright in most wavebands. especially the
sunlit hall.  The result is the parabolic refation ot
contrast o photon count.  Since  detectable contrast
depends on photon count, for bhackground-hnuted
detection the relation between contrast level, required
SNR. scan rate, and spectral bandwidth. is:

Contrast = SNR*iScan Rate > 3 1 5p. Bandwidth 3
This heips o choose the scan rate, once the expected
wirget and background signatures, andsor search areas
are detined. A commandable sensor aflows operations
tlored W immediate nission requirements,

Sensor operations could involve bi-dirccuonal whisk-
broom scans covening about a 147 -wide swath paratiel
to the thght path at up 0 35° from nadir.  Desired
graund resolutions are challenging to acheve over the
tull FOV with a moderate aperture, especially in the IR
bands. and a wide hield-of-view with reasonable and
weight is needed for these missions. Data downlink
rates are high tor mapping and surveillance misstons.
This makes w difficult to process and retum da within
ume constramts, These reflect the combinauon of wide
coverage and medium resolution. I atenuon 1s limited
W a few areas, slower scan and data rates are possible,
Figure 13 shows the sensor black diwrram.
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Frgure 13, TacSat Mulu-Spectral Sensor Block Diagram
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With cooled IR band FPA detectors, adequate sensor
heat rejection is essential. Operation of infrared sensors
requires cooling of detectors and other local thermal
photon noise sources (optics and structures). Detectors,
if HgCdTe, operate with sufficiently low dark current
when at 80°K. To achieve such temperatures without
large radiators, mechanical coolers are needed. Two
small radiators are used, one for the mechanical cooler
and on-gimbal electronics, and the other to keep the
optics and structures cool. A lightweight, rapid-
readiness, cooler with long storage life could be
required for TacSat missions. [n the desired size range,
a mechanical Sterling cycle cooler is a good choice. It
operates at a cocfficient of operating power of
approximately 100 Waits consumed per Watt of
cryocooling dissipation.

Since the sensor is designed to operate in the “push
broom” or “whisk broom” mode, it is unlikely that a
radiator would be continuously shaded. Some
alternatives are: periodically moving the primary
spacecraft nadir-pointing axis off nadir, fitting a sun
shield, or using a sun-synchronous orbit and "whisk
broom" mode exclusively. It might also be possible to
change operational modes so that radiator sun exposure
is less than 35 minutes per orbit. However, the
combination of a sun shicld and alternating modes
could allow shaded operations with minimal mode use
interference and allowing inclination choice frecdom.

Satellite Design

Figure 14 shows a possible TacSat configuration. The
TacSat bus houses all equipment to suppori the sensor
payload and communications e¢quipment. The key to
TacSat flexibility and utility is a bus that uscs a single
Integrated Spacecraft Electronics (ISE). Figure 15, the
spacecraft block diagram, shows major vchicle
components and interfaces and how the ISE controls
and coordinates functions. The ISE processes attitude
sensor data and controls orbit and attitude through the
reaction wheels and the propuision systcm. The ISE
also collects and formats spacecratt housckeeping data
for storage and/or transmission.

The ISE is the "heart” of the TacSat spacecraft. Itis a
single electronics package with a modular data bus. A
series of mission and application specific cards attach 1o
the data bus. These cards conncct the bus systems, and
payload if desired, to the data bus. A high speed CPU
is also on the data bus, as shown in Figure 16. Locally
generated data and ground commands move to the

processor.  Once in memory, this data is used to
generaic spacecraft or ransmission commands.
STANDARD INTERNAL DATA BUS
ﬁ *
High & Low Lovet
[ B
o i L]
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—— ————
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Figure 16. ISE Block Diagram

Electrical Power Sut
The electrical power system (EPS) design shouid be
simple and flexible. The system uses cither gailium-
arsenide-on-germanium or silicon solar cells and nickel-
hydrogen batterics. Gallium-arsenide solar panels,
while more expensive, offer improved packaging, lower
weight and reduce orbital disturbance torques and
moments of incrtia compared (o silicon cell panels. A
single pressure vessel (SPV) nickel-hydrogen battery
can lower both wcight and cost compared to an
cquivalent individual pressure vessel (IPV) system.
These factors combine to reduce propellant mass.

itude C Land P Isi
Three-axis stabilized TacSat attitude control and
propulsion subsystem functions provide a stable sensor
platform and include: dctermination of attitude and

Q MISSION/PAYLOAD:
«IR MAPPING
Q - TOPOGRAPHIC SENSING MULTI-PURPOSE
- OCEANOGRAPHIC SENSING | SENSOR

» PANCHROMATIC IMAGING

» UP LINK - THEATER CONTROL OF SENSOR

SCAN MODES & AREA

« DOWN LINK - DIRECT TO USER FOR IMAGERY

Figure 14. Possible TacSat Spacecraft Concept




319

FPESEEEENEEEESESPOESSEEESEEEESEEEFPPEREENENFEEEPR NS

P
ACDS
ACS PROPULSION™
SENSORS
=3

CONTPOL
COMMANDS

INTEGRATED
SPACECRAFT

ATTITUDE
ELECTRONICS

DATA

COMMANDS

SGLS i

-1 RCVR DATA

4] XMITTER STORAGE
|l —]

DIPLEXER

AAATHTAALTHL TN AANTXNLTTLTRNARTNARARNALLRRN RN

t - MULTI-PURPOSE SENSOR

EPS
SOLAR
‘__ﬁ ARRAY
BATTERIES o
‘ f CONTROL GIMBALS
FoweER DISCRETES
MODULAR
POWER >
CONTROLLER | g SATELLITE
LOADS
PAYLOAD

h COMMANDS

« HIGH CAPACITY DATA LINK

L AP A I o v i e S S G A R S P P N e A G R

COMMANDS T l DATA

THERMAL.
STRUCTURE
MECHANISMS

20

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Figure 15. Typical TacSat Block Diagram

position, attitude control and pointing agility, orbit
adjust control and actuation, payload torque and
momentum compensation, safemode control and de-
orbit, if required. The subsystem hardwarc consists of
sensors, actuators and propellant storage and delivery
system. All control law, safemode and other software
reside in the ISE. Three rcaction wheels provide torque
actuation, with agility requirements and residual
payload torques after momentum compensation driving
their size and magnetic torquers for desaturation. Low
cost star camera scnsors provide the kind of knowledge
needed, with a sun sensor for coarse pointing,

The propulsion system consists of a conventional
hydrazine mono-propellant tank with propellant
management system, lines, filter, valves,
instrumentation and thrusters. System pressurization
could use either a blow-down or a re-pressurization
system. The propulsion system is used to correct
'aunch vehicle injection errors, perform orbit trim
mancuvers and de-boost if required.

Structures and Mechanisms

Major bus structurc components are: the frame,
equipment pancls, propulsion module, and interface
ring. The modular design allows subsystem mounting
while maintaining alignments during test,
transportation, and storage. The modular approach also
reduces part count and assembly spans. The interface
ring provides the structural load path between the bus
structure and launch vchicle.  Graphite-epoxy
composite (Gr/E) was selected over a metallic material,
for both primary and secondary structure, after
conducting trade studics. Gr/E provides a stable (near
zero CTE) structure to meet and maintain autitude

control sensor pointing accuracy. The Gr/E structure
saves 4.9 kilograms over Al/Li and 7.9 kilograms over
Al The primary structure provides continuity, strength
and rigidity between the payload and the interface ning.

Space-Ground Link System (SGLS) and high data-rate
antennas stow against the vehicle and deploy on hinges.
Spring driven mechanisms deploy both antennas and
the solar arrays. Each solar array gimbal is driven by
small motors and reducers. Flex harness and slip nngs
carry electricat power and elemetry across the joints.

Ihermai Contro}

Temperaiure extremes allowed in other subsystems
drive the satellite thermal subsystem. Assuming the
general case using a non-sun synchronous orbit,
TacSats would not have “hot” and "cold” sides, as the
thermal environmeni varies on the satellite sides
depending on inclination and time of year. A TacSat 1s
subject to many eclipse cycles and must be designed 1o
accommodate them. For example, components that
operate during the sunlit portion of the orbit would have
a significant thermal radiation arca to reject both
internal and incident heat. Unfortunately, when this
surface js in eclipse, heater power must now maintain
the item with the larger radiator sized for the full-sun
operation case. Albedo and carthshine (planet IR
heating) also influence LEO vehicle environments.

Figure 17 shows the two major communication system
hardware groups. Uscr support is prov.ded by an
encrypted two-way common data link (CDL) at X-
Band. A small steerable downlink dish can provide
about 274 megabit/scc in LEO orbits. The up-link
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provides ample capacily into an omm antenna at 16 or
200 kbps. This is the primary user payload control link
but couid support housckeeping, as an SGLS alternaie.

Centralized control and mainicnance reduce the user's
worklcad. Because the spacecraft would perform
normal systems management, housckeeping could be
done from a small ground station, collccting telemetry,
correcting anomalies, etc. Continued house-keeping for
a large constellation requires a larger mission control
center. Existing launch command and control resources
are a choice for launch and early orbit functions.

SPACECRAFT CAPACITY USEAGE
CONFIGURATION
COL X-BAND DOWNLINK CIRECTIONAL COVERAGE § NIGH RATE, WIDE BAND
-suerensmeasme v | AT274uEGABTSSEC IMAGERY DATA LINK
- SI0WATT TRANSANTTER TERMINAL
COL X-BAND UPLINK WELL IN EXCESS OF PAYLOAD POINTING &
« CMM ANTEMNMA (8) NEEQ. 16 & 200 Kbps MODE CONTROL
UP-LINK
SGLS HOUSEXEERING
ALTERNATE
SGLS TRANSPONDER HEMISPHERIC COVERAGE | HOUSEKEEPING THRU
. 70 OM SPWAL AT 1 NEGABITS/'SEC AFSCN
« ZWATT TRANSWITTER WITH A § METER DATA DOWNL INK

TERMINAL S-BAND TERMINALS

Figure 17. Typical TacSat Comm & Data Links

Weight and Power

Figure 18 shows a summary level weight and power
budget of a typical TacSat in the small satellite (450
kilogram) class. With the use of advanced composites,
high cificiency electric power generation and storage
devices, and advanced digital technology, a TacSat
could achteve a high payload to towal dry mass ratio.
The spacecraft dry weight is about 45% payload.
(sensor and data link) and the rest is the bus. The
electrical power requirement cstimate is about <480
walts average. The power system is driven by the
sensor duty cycle, eclipse operations and cooling
power, etc. The 68 kilograms of propellant supports
injection and drag-makeup for 1- 2 years.

System / Subsystem Mass (KG) Power (W. Avg)
BUS 168 4
PAYLOAD

MULT-PURPOSE SENSOR 112 264

DATA LINK 34 78
SUB-TOTAL 314 482
FUEL 68
GROSS WEIGHT 382
CONTINGENCY (20%) 76

CH WEIGHT 458

Figure 18. Typical TacSat Weight & Power Budget
TACSAT Implementation

Implementation Plan

TacSat concepts have been discussed for many years.
Changes in the international climate now make
surveillance TacSats the right capability at the right
ume. Potential users now have a better understanding,
gained in the Persian Gulf, of the value of space based
surveillance data, System devclopers have leamed to
think of space surveillance from the field commander's

perspective. Finally, many TacSat system elements are
being developed for other purposes. For these reasons,

and budgetary rcalities, the ume s right 10 begin a
phased TacSat development and acquisition program,

Since the TacSat concept centers on directly satisfying
user nceds, implememation etfforts must include
conuntuous user involvement. This involvement could
start with two simulations. The first would provide
uscrs with sample sensor data of various scene types 0
asscss their utility and value. The sccond simulauon
would educate potential uscrs about TacSat command
and control strategy, planned sensor tasking and how
they would reccive, process and exploit the data.

Whiie both simulations could be done in a laboratory
cnvironment, a portion of the process should be folded
into military exercises. The user tecedback will estabiish
quantitauve criteria for the TacSat system design based
on user nceds. Simulated sensor data for such an
cvaluation program could be generated before the event
using processed airborne imagery. Imagery of typical
battleticld objects and subscquent computes processing
 vary image quality would allow the users to fully
assess the utifity of vanous data tvpes and qualities.

Once design criteria are cstablished, the TacSat
demonstraton and validation program would begin.
The program would be initiated with the first TacSat
and a few user ground terminals. Activities planned. or
now undcrway, indicate that most of the systems
requircd for a demonstration will be available "off-the-
shelf.” The major cxception is the multi-spectrai
scnsor. However, its development risks are nominal as
most of the components arc cither commercially
available or of straightforward design and fabricaton.

It is likely that the spacecraft bus will be available as a
derivative of the U.S. Air Force’'s Advanced
Technology Standard Satellitc Bus (ATSSB) or other
program. There should be at least one viable candidate
launch vehicle for this Dem-Val phase. The Taurus
booster should be available and it is likely that another
launch system will cmerge to support IRIDIUM
program cperations and maintenance launches.

Satellite control for the TacSat Dem-Val phase could be
done cffectively as a factory effort by the developer.
Commercially availablc hardware would be employed
for user ground stations. Softwarc would be a
combination of existing program and unique code.

A Dem-Val program would allow demonstration of:

« Distributed C3 Architecture Proot of Concept

» Low Cost Satellite Control

* Multiple User Support

» User Tasking Effectivencss

= Local User Processing & Exploitation
The demonstration program would provide an initial
operational capability that could expand, as shown in
Figure 19. The infrastructure, once established, could
support other payloads Lo form a mixed. highly capable
tactical surveillance system.

A phased, "Dem-Val" TacSat implementation stralegy
would provide a test-bed to evaluate TacSat system
utlity, provide multi spectral imagery in many bands




covering a variety of scenes, assess the benefits of
timely, medium resolution MSI, provide an interim
Lreaty monitoring capability, and familiarize military
users with tasking , direct control and data exploitation.

System Component Dem-Vai Systom g Oparatronal System

R - REPLICATE DEM-VAL SENSOR
PAYLOAD - MULTESPECTRAL SENSOR | BETCAE S e
-spacecRArTgus |- LowcosT. mGn - REPLICATE BUS
PERFORMANCE U8
Y
“MIUTARIZE FOR ENDURABILITY
+ SATELUTE CONTAOL |- CONTRACTOR b USERS  INCREASED MEDUNOANCY
- AEDUCEOD CONTRACTOR
SuspoRT
- TASKING/ - 1-2 RXED STATIONS T INCREASE USER TERMINALS
EXPLOTATION - 1.2 MORILE STATIONS + ADD RELAY LINK FOR CONUS
ONLY USER SUPPORT

Figure 19. TacSat Operational Transitior Plan

Deployment and Launch Options

An operational TacSat system must provide a high level
of dependability and timely access to data. The number
of satellites available direculy drives the system's ability
to satisfy these nceds. A single satellite can only
provide a few opportunities per day to image a given
target area. If there are conflicting data requirements
from multiple targets in a given geographic arca, or if
there are specific time windows or other constraints. a
single satellite may not provide timely support. In
addition, the dependability of a single satellite will
always be at risk. Therefore, it is very likely that an
operational TacSat system will require, in some way,
multiple satellites. This need can be satisfied in one of
two ways, and sclection will be heavily affected by the
launch capabilities that emerge in the next few ycars.

If a quick reaction launch system becomes available, a
flexible approach to a TacSat capability, when and
where it is needed, would be practical. Satellites and
launch vehicles could be stored for call-up and launch
in days when a security emergency requires support.
To maintain readiness, a satellite would occasionally be
launched under exercise conditions. These would
provide a level of continuous capability for non-crisis
activities, such as training and treaty monitoring. With
this capability, satellites could be launched into
situation-specific orbits to increase the available
coverage for a given emergency.

The absence of a quick reaction launch system would
lead to a different strategy. This scenario would be
served by in-place TacSats, forming a permanent
constellation. Here, the satellites would be in general
purpose orbits covering the earth. A sct of near-polar
sun-synchronous orbits would be likely. For coverage
and dependability, the constellation would consist of
two or three satcllites. Their phasing would be different
but altitude and inclination would be similar. Assuming
current boosters, the concept is to launch the entire
constcllation on a single medium booster. A similar
launch every few ycars allows for planned replacement,
constellation enhancement or capability upgrades.

Initiating a Dem-Val process for TacSats does not
require an early answer to the question of how an
operational system will be deployed and launched.
There is a good chance that the IRIDIUM program's

O&M requirements will provide the foundation for a
quick reaction faunch system with adequate capabilsty
for TacSat use. If this does not occur, the permanent
constellation of multiply launched satetlites can satisty
operational needs with existing launch vehicles.

MMARY

We now have the opportunity to provide our military
forces with a cost effective force multiplier.  This
opportunity cxists because:

1) Military organizations are learning how daw from
space can be used to enhance the effectiveness of
existing and planned force structures.

2) The technologics needed for smaller, very capable
surveillance satcHites exist. generally off-the-shelf.

3) Commercial space programs and various government
developments are providing the cconomic
foundation that wiil make most key TacSat sysiem
clements avatlable at affordable costs.

The single major unfunded development required
before launch of the first TacSat is for the sensor.
Undecrtaking that devciopment would allow
demonstration of the tactical benefits of multi-spectral
imagery and lead to the introduction of growing
capabilities for military support from space.

In an unstable global sccurity transition cra, flexible,
multi-purposc spacc assels arc cssential, Multi-spectral
imaging offecrs tactical users cnhanced capabilities not
currently available. A user tasked, multi-role MSI
sensor and spacccraft can form a practical TacSat
system, The premise for and the validity of TacSats
have becn substantiated based on the technical analysis
presented. It is the authors' opinion that TacSats shouid
be implemented with a sense of national and allicd
urgency and necessity.
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Discussion

Question: Would a reduction in altitude allcow the
size, mass, and cost of the uptical system be reduced?

Reply: Yes, a lower altitude would reduce the optical
system weight but at the expense of reduced coverage.
Also, the increased drag would increase fuel
requirements; thereby, offsetting the optics weight
reduction. The likely affect is a push on weight and
reduced coverage.

Question: What 1s approximately the total mass of
the space segment under discussion or in your paper?

Reply: The approximate mass of the concept 1s 458kg
including fuel and a contingency of 20%.




TACSAT METEOROLOGICAL
PAYLOADS

by

D. Hickman
Matra-Marconi Space
Anchorage Road
Portsmouth PO3 5PU
Hampshire
United Kingdom

Abstract

Information derivable from
Meteorological satellites are reviewed in
terms of their applicability to military use.
Potential TACSAT meteorological
systems are discussed in terms of GEO
and LEQ payloads currently in operation.

1. Introduction

Knowledge of changes in weather
conditions could provide essential
information in numerous military
scenarios. Such information has been
obtained for many years from both civil
and military satellite systems and is now a
well established technology with the
accuracy of information retrieval and
processing continually improving.

Meteorological data can relate to either
actual regionai variations or to predictions
of changes for a given area. Both types of
information could be of considerable use
to a ground commander. For military
operations involving the movement or
deployment of men and equipment,
frequent and accurate regional weather
maps and forecasts would be of great
assistance with operational planning.
Furthermore, meteorological data would
also play a significant role in the tactical
and strategic deployment of forces in both
defensive and offensive operations.

The present paper aims to explore the
applicability of meteorological
measurements from dedicated satellite
systems to support possible tactical
military operations. The principles of
atmospheric physics and the theory of
meteorological data processing are
outside the scope of this paper and are not
considered here. Of more importance is
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the relevance of atmospheric parameters
which could be measured through a
dedicated tactical meteorological system.
These requirements are reviewed in
section 2.

To ascertain what information could be
retrieved from such a TACSAT payload,
section 3 discusses the capabilities of a
number of current civil and military
meteorological payloads which, it is felt,
demonsirate how the requirements of a
ground commander can be met. The
central discussion will be based on the
METEOSAT series of satellites together
with its companion satellites which form
part of a global monitoring system.
Although a tull review of meteorological
payloads cannot be given here, the
payloads which are discussed are
considered to be relevant to TACSAT
applications and indicate what
measurements can be performed.

Satellite systems can take the form of
either Geostationary Earth Orbit (GEO)
or Low Earth Orbit (LED), .ne choice of
orbit being dependent on tne resolution,
ground coverage and data rates as well as
the scan characteristics of the satellite
payload. A further distinction between
GEO and LEO satellites is that the
former employs passive sensors whereas
the latter can also utilise quite recent
developments in active sensing of the
atmosphere. Active sensors Fsuch as
LIDARS) are not considered in any detail
in this paper. However, it should be noted
that they are becoming increasingly
important and do represent important
advances in meteorological systems.

In section 4, the features identified in
section 2 and the systems presented in
section 3 are brought together and
discussed in the context of meteorological
TACSAT payloads. Additional needs of
TACSAT systems which are not currently
met by meteorological payloads are
reviewed in terms of extensions to present
satellite systems. Finally, an assessment is
offered on the usefulness of
meteorological payloads in a TACSAT
role.

2. Requirements Review
Atmospheric conditions clearly play a

major role in military operations and must
influence decisions made by a local
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commander. Parameters of interest
include:

i) cloud location;

ii) direction and speed of cloud
movements,

iii) degree of cloud cover;

iv) cloud altitude;

v) wind speeds and direction;

vi) rain and snow conditions;

vil) flood warnings;

viii) fog conditions.

Cloud location, cover and altitude are
important measurements required for
both day and night operations since they
limit airborne visigility and ground
illumination. Additionally, cloud cover
controls ground temperature which in
tun impacts on personnel and equipment.
Coupled to this is the direction and speed
of cloud movement which can be used to
provide forecasts of cloud cover.

Wind speeds and directions are also
important parameters particularly at a
ground level. For example the deployment
of smoke screens and firing directions of
weapons are dependent on wind velocity.
In desert terrains, wind conditions will
govern sand-storms.

Rain and snow not only affect visibility
but are also be very restrictive for ground
operations. Warnings of potential
flooding and fog condition would also be
of obvious use to a ground commander.

Meteorological measurements of the
above parameters are required during
both day and night.

In addition to the measurements of the
conditions present in a given region, other
aspects of meteorology must be
considered. These include the rate at
which weather information is updated as
well as the forecasting period. In order to
provide a major advantage, the
meteorological data should be updated on
a timescale of minutes rather than hours.
Another important factor is that the
meteorological measurements and
forecasting are already both accurate and
reliable.

Finally, the format of the data presented
to the local commander needs careful
consideration to ensure that the essential
information is readily accessible and

clear. Furthermore, the method and
technology available for transmitting /
rccﬁxesting the data must be compatible
with the theatre of military operations.

3. Present Meteorological

Payloads
3.1 Meteorology - Global Monitoring

The World Meteorology Organisation
(WMO) is responsible for providing
global coverage of meteorological data.
The network is illustrated in Figure 1.

Currently, there are five GEO satellites
positioned at various points around the
equator at an altitude of approximately
36,000km. In addition to these, there are a
number of polar satellites (in a LEO)
which operate at an altitude of
approximately 850km. Table 1 provides a
summary of some of the key features of
these meteorology satellites.

The primary role of the geostationary
satellites is to provide cloud imagery at
regular intervals of approximately 30
minutes. Meteosat, which forms part qf
the GEO ring is discussed in more detail
in the next sec.ion.

Apart from their imaging role, the ring of
satellites also serve a number of other
functions including the transmission and
relay of meteorological data from both
ground stations and other satellites. They
also can be used to relay Lgrocessed
meteorological data between the ground
processing centre and the users of data.

The polar satellites are sun-synchronous
and each orbit is stepped with respect to
the previous such that a full earth
coverage is achieved twice per day from
each satellite. The main purpose of these
satellites is to monitor clouds, surf ce
temperatures and vegetation cover.

3.2 Meteosat Operational Programme

The basic design Meteosat Operational
System and its main instrument, the
Imaging Radiometer, is over 25 years old.
However, because of the success of the
Meteosat Operational. Programme
(MOP), a further model (with possibly a
second to follow next year) is currently
being built. This is the Meteosat




Transitional Programme (MTP) and
bridges to gap to the Meteosat Second
Generation (MSG) as discussed in section
3.3. A historical review of the Meteosat
Programme can be found in reference 1.

Meteosat is a spin-stabilised satellite
whose axis of rotation is aligned with the
Earth’s North-South Poles. The east west
scan is achieved through the rotation of
the satellite and the north south scan is
accomplished by a scanning mirror.

The key parameters of Meteosat are
summarised in table 2.

Meteosat has three key roles. Firstly, it
provides images of the Earth at longitude
09 which are then transmitted to a ground
processing station. Its second role is to
distribute the processed data to user
stations and, thirdly, it provides a point of
data collection and distribution from
other meteorological stations.

The raw data is processed at a ground
station and the following information is
derived:

- cloud-motion and winds
- sea-surface temperatures
- cloud top height maps

- cloud coverage data

- precipitation indices

The processed images are transmitted, via
the Meteosat down-link channel, at a
transmission rate of 2400 b/s. The
resolution of the processed images is
lower than that of the radiometer.
Typically, the cloud top height maps are
resolved on a gnd size of 20km whilst the
grid for the other parameters is 200km.

Meteosat comprises three spectral bands,
one visible and two IR bands. The visible
channel is used to provide high resolution
cloud images during daylight. The thermal
IR band provides images continuously
since it relies on the thermal radiance
from the clouds. The IR WV channel
Erovides an atmospheric distribution of

umidity in cloud free regions and also
provides images of cloud tops.

Two detector units are used, one for the
visible ~hannel and one which combines
the IR WV and IR. The detectors as such
are single element devices with very high
(quantum-limited) performance, the
layout being illustrated in Figure 2.

3.3 Meteosat Second Generation

MSG is the replacement system for the
payload design in the operatioral and
translational programmes. It comprises
more waveband channels in the and
IR and has multiple narrow spectral bands
in the visible spectrum. Like MOP and
MTP, the MSG satellite system will be
spin stabilised, with a spin-rate of 100rpm.
Ground resolution is improved,
corresponding to 1.4km in the visible and
4.8km in the WV and IR.

A notable feature of the rogosed system
is that it produces a full Earth image in 12
minutes. The calibration and stabilisation
time is 3 minutes and the subsequent
repeat cycle is 15 minutes.

3.4 DMSP

The DMSP (Defense Meteorological
Satellite Programme) is a US military
programme comprising two orbiting
satellites. The flight history of the DMSP
began in 1965 but remained classified
until the mid-70’s. The satellite operates
in a heliosynchronous orbit of altitude of
approximately 800 km and is a 3-axis
stabilised platform.

The DMSP satellites contain three
payloads. The first of these is the OLS
(Operational Linescan System) which
provides visible and IR cloud imagery.
The second instrument is the SSM/I
(Special Sensor Microwave / _lrpager)
which gives information on precipitation,
water vapour, snow cover and sea / glacier
ice. The third instrument is the SSM/T
(Special Sensor Microwave /
Temperature) and this provides surface
temperatures, vertical moisture and
temperature profiles.

4. Discussion

From the few examples described in
section 3, it can be stated that present
meteorological systems are capable of
measuring many of the parameters
indicated in the requirements review of
section 2.

The concept of the five GEO satellites
which provide global coverage is
appealing for potential TACSAT systems
since continuous monitoring of a ground
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position can be achieved. Furthermore,
the ability to reposition satellite platforms
in orbit iL order to maximise system
sensitivity at a given longitude ensures
that the spatial resolution is optimised.

The data processing and re-distribution of
meteorological information of current
system also lends itself to the TACSAT
concept. However, the format of data
presentation may need further
development to ensure that the
information presented is in the most
usz2ful form. There may also be a
requirement for ‘real-time’ interrogation
of the TACSAT system.

Through the appropriate selection of
spectral channels, meteorological data is
obtained on a 24 hour basis. By selecting
the appropriate spectral bands and their
associated spectral widths, the most
appropriate information can be obtained.
Although present meteorological systems
provide much of the data likely to be
required by the theatre commander, the
emphasis on spectral bands for a
TACSAT may be different and a full
analysis would be required. Indeed, the
system demands may be such that a
variable band-pass should be employed
through the use of diffraction gratings or
tunable interference filters.

For a TACSAT system operating in GEO,
it is unlikely that full Earth coverage wiil
be required. A possible concept would be
zones of meteorological data centred on
the location of interest. The observation
or dwell times on a given region would
then be controlled through a p1-set
weighting scale or by request from a
ground commander.

A possible need from a GEO TACSAT
system is to produce higher resolution
images than are currently available. if
such a need is to be satisfied, the
following points will need to be
considered:

i) scan mechanism / beam deflection
ii) signal to noise ratio

iif) detector configuration

iv) achievable resolution

v) satellite platform

Firstly, the satellite platform can be either
spin or three-axis stabilised. For the
former case, the satellite spin gives one

scan axis. However, this is generally a
fixed value and cannot be optimised for a
given application. A three-axis stabilised
system has its longitude and latitude scans
generated through a scap mirror
arrangement. This then provides a more
flexible system. Additionally, the dwell
time for signal integration can be
selectively controlled to optimise signal to
noise ratio, image repetition frequency
and image size.

The detector configuration is also an
option which needs further consideration.
For MOP, single element detectors were
used and this provided a relatively simple
imaging system. Alternatively, a staring
array could be used. In this case a
boresight pointing sysiem would be
required. Although this may >e an
attractive option since the scan
mechanisms are simplified. it may be
difficult to obtain an IR array ot the
required dimensions. For example an area
of 1000 km<* with a resolution of 1 km
would require a 1024 x 1024 array.

A different approach may be 1o use a
linear array whose projected image Is
swept across the area of interest. Large
linear arrays can be produced by abutting
techniques or by having arrays in
physically distinct but in an opticaily
overlapping image plane. Other points
would, gowever, have to be considered
before adopting such an approach. These
include signal to noise ratios, multiple
waveband channels and detector cooling.

The telescope system must be capable of
providing the resolution within its
diffraction limit. This then sets a
requirement on the telescope aperiure
and angular magnification. For the case of
1 km rcsolution, an a; erture diameter of
approximately 500 mm would be required
with a magnification of typically 10.
Current telescope system designs have
shown that these parameters can be
readily met.

A major benefit from a TACSAT
meteorological capability will be
independence from civilian systems and
national forecasting services so that in the
event of a major crisis during which the
civil assets may be switchad off for
reasons of security, meteorological
forecasting is not lost to the Theatre
commander.




A viable forecasting system could be
supported by 2 or (preferably) 3 satellites
which would provide 12 or 8 hour repeat
cycles. A payload of a single radiometer
operating in the IR would provide
imagery at a sufficiently fine spatial
resolution to support a sounding
capability yielding data for cloud cover,
rain cloud temperature, cloud top height
(when used in conjunction with a
numerical model), and forecasting over
several days.

If short term forecasting only was
required, a geostationary TACSAT with
an [R/optical imager and a limited
sounding capability would probably
suffice if used in conjunction with a
skilled local forecaster.

Both GEO and LEO satellites can provide
mechanisms for deriving meteorological
data suitable for use by a ground
commander. Both have advantages and
disadvantages, the importance ot which
depends on the exact requirements of the
TACSAT system. However, it may prove
necessary to form a TACSAT from both
LEO and GEO payloads. Such an
integrated system would provide the
maximum flexibility possible for
meteorological data extraction.

5. Conclusions

The concept of a meteorolagical
TACSAT system has been adaressed
through a review of curreni payloads and
military requirements. The use of the
GEO systems is .een as being particularly
attractive since these can provide
continual observation as well as a data
transmission link. LEO payloads are seen
as a complement to those in GEO and can
offer a number of additional benefits.
Indeed, for complete atmospheric
monitoring and data extraction, both LEO
and GEO satellites are necessary.

From review of the possible military
requirements, it is considered that present
meteorological payloads can provide
Eotentially useful informaticn.
urthermore, current technology can
offer improvements which could lead to a
viable TACSAT system.

The potential value of a dedicated
TACSAT meteorological system appears

to hinge on the possible need to replace
meteorological data derived from civil
sources which may be switched off in time
of crisis, and the tactical need for the
timely delivery of processed data.

A tactical meteorological system based oa
2 or 3 Low Earth Orbiting satellites could
provide data adequate for forecasting up
to several days ahead, and compensate tor
the loss of civil data sources, should those
be switched off auring a crisis. If such
assets are not switched off then current
GEO systems provide full Earth cloud
maps at a refrecsh rate of typically 30
minutes which is adequate tor global
monitoring. However, there may be a
requirement for military operations in
which the provision of a mor: rapid
update over an area much smaller than
the global image would be of value. Such
a system could be obtained through only a
minimal development of current
technology and in conjunction with giobal
imagery, would provide sufficient data to
enabie short term forecasting.

The ultimate assessment of the need for a
meteorological system and its subsequent
performance characteristics falls to the
various Ministries and Departments of
Defense. However, it is felt that the
technical capability to provide a variety of
tactical meteorological systems has been
demonstrated.

6. Statement of Responsibilty
Any views expressed are those of the

author(s) and do not necessarily represent
those of HM Government.
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Table 1

Summary of Global

Monitoring Satellites
! Description [ value "i
{ Altitude {23,800 xa

Diametar / Height

2.1 m/ 3.3 m

Maset 320 kg
Spin-Rate 160 rpm

0.5~0.9 um (visible)
Wavebands 5.7-7.1 um (IR Water Vepour)

10.5-12.% ux (Thersal IR)

3can~Angle (N-8)

18°

Xusber of Image

Lines (N-8)/

3000 (vimible)

29500 (wWV and IR}

Ground Reeolution

2.% ka (Visible)

S km (WV and IR}

Imaqe rormationl 23 min
Iaage Repstition? | 33 min
Ravw Data Rata 133 /s

- A

Table 2

Includes 1® Xg of

Mydrazine propeilant.

Compiete Rarth scan.

Swaller areas can be scanned which will
qgive a more fracient image update.
Includes 3 alnutes for satellits and

radiometar stabill

sation.

Meteosat Key Parameters




Discussion

Question: You put great emphasis on GEQO metecrological
satellites, but these cannot give full polar coverage.
Could you comment on the significance of this i1ncomplete
coverage.

Reply: There is an anticipation that if a crisis/theater
operation were to occur, then that operation 1s more
likely in lattitudes remote from the poles. The objection
voiced to LEOQO sensors was based on the relatively

long revisit times associated with polar LEO satellites.
However, near the poles, revisit times are much more
frequent and will probably provide short term data.




Panel Discussion

Comment: TACSATS, like all satellites, are useful
only as "trucks" which provide data to supported
commanders. Where deployment distances and
strategic/operational depths are large, as in Desert
Storm, spacecraft are useful. In other situations,
such as the US intervention in Grenada, spacecraft
are useless because of dwell and ... limitations.
What we should do 1s to examine the functions performed
{comms, nav, etc.); remember that these functions
are as old as warfare and not unique to space; and
then find a means to determine when other means of
support are more appropriate from spacecraft.

Question: This is a conference about tactical, low
cost, lightsat concepts.

Reply: Possibly yes, but the confusion comes from
the mere existence of systems providing support to
the theater and that dedicated systems can only be
deployed if they are low cost, hence lightsat.

Question: There may be problems of jamming TACSATS.

Reply: Yes. Probably more for SAR than optical systems.
Nevertheless, means exist to reduce such damaging
effects to a radar, in general. It may be worthwhile
to develop some tests to better assess how to cope
with the jammer threat.
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